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Cover  figure — A  high-resolution  wind  map  near  the  surface  in  the  dry  mixed  layer 
that  was  modified  by  the  St.  Louis  urban  heat  island  during  METROMEX.  The 
mean  wind,  3  m/s  from  the  northeast,  has  been  removed,  revealing  a  striking  and 
persistent  line  of  convergence  originating  at  the  heavily  industrialized  area  just  south 
of  Granite  City  and  extending  across  the  central  business  district  to  the  southwest. 
The  map  was  produced  by  the  transportable  X-band  dual-Doppler  radar  system 
developed  at  the  Wave  Propagation  Laboratory.  Details  of  the  analysis  are  con- 
tained in  the  article  by  Kropfli  and  Kohn  reprinted  in  this  volume  (page  465).  & 
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FOREWORD 


The  Wave  Propagation  Laboratory  seeks  to  advance  the  nation's  geophysical 
research  and  services  through  the  creation  and  application  of  new  remote  measure- 
ment systems.   Since  no  one  technique  is  able  to  measure  the  full  range  of  param- 
eters required,  the  Laboratory  has  developed  a  wide  range  of  active  and  passive 
optical,  radio,  and  acoustic  remote  sensing  systems.   The  new  sensors  typically 
have  several  important  advantages  over  standard,  in  situ  instruments;  in  par- 
ticular, it  is  often  possible  to  provide  the  researcher  with  one-,  two-,  or 
three-dimensional  data  sets  that  possess  excellent  continuity  and  resolution  in 
both  time  and  space.   In  many  cases,  these  data  sets  are  much  richer  than  those 
available  by  other  techniques,  and  are  therefore  able  to  provide  new  insights 
into  atmospheric  and  oceanographic  structure  and  processes. 

The  sixth  volume  of  Collected  Reprints  comprises  material  published  during 
the  calendar  year  1978.   To  avoid  unnecessary  duplication,  only  the  abstracts 
of  WPL/NOAA  Technical  Memoranda  and  Technical  Reports  are  included. 

To  quite  an  extent,  the  field  of  remote  sensing  has  grown  up  outside  the 
atmospheric  and  oceanographic  research  communities  which  it  seeks  to  serve. 
We  have  found  that  previous  volumes  of  WPL  Collected  Reprints  have  helped  fill 
the  potential  communication  gap  with  our  colleagues  in  these  fields;  we  hope 
and  expect  that  this  will  be  true  of  this  latest  volume  of  WPL  publications. 
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Abstract.  The  understanding  and  utilization  of  HF  radar  sea-echo  have  enjoyed  steady  progress  since 
the  experimental  discovery  of  the  underlying  radar/sea  interaction  process  over  two  decades  ago.  The 
agreement  of  theory  with  measured  data  confirms  the  correctness  of  currently  accepted  explanations  for 
both  the  first-order  and  second-order  portions  of  the  sea-echo  Doppler  spectrum  in  terms  of  the 
wave-height  directional  spectrum.  Furthermore,  experiments  have  shown  that  any  currents  present  near 
the  surface  produce  a  readily  distinguishable  Doppler  shift  on  the  wave-scattered  echo  which  is  directly 
related  to  the  current  velocity. 

Present  research  activities  in  HF  radio  oceanography  are  of  two  types.  The  first  involves  efforts  to 
extract  ocean  surface  descriptors  from  the  sea  echo  and  thus  establish  the  soundness  of  a  sea-surface 
remote-sensing  concept.  The  ultimate  outcome  of  successful  endeavors  of  this  type,  for  example,  could 
be  the  implementation  of  operational  systems  for  routinely  monitoring  sea  state,  ocean  surface  winds,  or 
surface  currents  over  large  areas.  The  second  type  of  research  activity  involves  the  use  of  radio- 
oceanographic  techniques  to  advance  knowledge  in  physical  oceanography. 

Progress  on  three  classes  of  sea-scatter  research  programs  is  reviewed;  these  three  are  differentiated 
by  the  oceanic  variable  sought  from  the  echo.  The  first  and  most  extensive  class  seeks  information  about 
the  wave  height  directional  spectral  properties;  both  surface-wave  and  sky-wave  radars  are  being  used 
for  such  research.  In  the  second  class  involving  sky-wave  radars,  surface  winds  are  being  related 
empirically  to  sea-echo.  The  third  class  is  concerned  with  extraction  and  mapping  of  near-surface 
currents  from  the  sea-scattered  signal  spectrum.  Potential  future  directions  in  these  areas  are  discussed. 


1.  Introduction 

Radar  echo  from  the  sea  at  high-frequency  (HF)*  was  reportedly  first  observed  in 
Britain  during  World  War  II  on  air-defense  nets  around  the  English  Channel. 
Because  it  imposed  a  limitation  at  times  on  the  detection  of  aircraft,  it  was  dubbed 
'clutter'.  The  simple  processing  and  display  of  target  echo  intensity,  however,  did 
not  lend  itself  to  an  understanding  of  the  physical  mechanism  of  the  scatter  process. 
It  was  not  until  Crombie  (1955)  examined  the  received  (temporal)  power  spectrum 
of  the  back-scattered  sea  echo  from  shore  that  the  simple  physical  interaction 
mechanism  was  correctly  identified.  He  observed  that  the  echo  Doppler  spectrum 
consisted  primarily  of  two  well-defined  spikes  symmetrically  placed  about  the  radar 
carrier  frequency  (see  Figure  1),  but  not  necessarily  of  equal  amplitude.  The 
displacement  of  these  peaks  from  the  carrier  appeared  to  vary  with  the  square -root 
of  the  carrier  frequency,  rather  than  in  direct  proportion,  as  the  Doppler  echo  from 
a  discrete  target  such  as  an  aircraft.  Yet  the  'spiky'  nature  of  these  peaks  suggested 

*  The  term  HF  specifically  designates  frequencies  between  3  and  30  MHz  (wavelengths  between  10  and 
100  m).  We  will  use  the  term  here  loosely  to  include  frequencies  between  500  kHz  and  50  MHz 
(wavelengths  between  6  and  600  m),  which  spans  the  MF,  HF,  and  VHF  bands.  Note  that  'high 
frequency'  may  appear  somewhat  misleading  to  one  who  pictures  a  microwave  radar  with  its  familiar 
parabolic  dish  antenna;  the  latter  system  operates  some  three  orders  of  magnitude  higher  in  frequency 
than  a  'high-frequency'  radar. 
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that  the  echo  was  originating  from  two  discrete,  identifiable  targets,  rather  than 
from  the  randomly  moving  surface  that  one  observes  visually  when  looking  at  the 
sea. 

Crombie  deduced  the  scatter  mechanism  from  these  peculiar  sea-echo  Doppler 
characteristics  as  follows:  since  the  Doppler  echoes  consist  of  two  discrete  spikes, 
scatter  must  be  originating  from  two  targets  moving  at  constant  velocity.  Ocean 
wave-trains  of  given  wavelength  are  known  to  move  at  given  velocity.  Therefore, 
the  velocity  component  of  these  'target'  wave-trains  in  the  direction  of  the  radar  is 
calculated  from  the  familiar  'Doppler  shift'  (A/)  formula  to  be  vr  =  A  A//2,  where  A 
is  the  radar  wavelength.  From  this  result  he  then  deduced  the  wavelength  of  the 
ocean  wavetrain,  L,  as  seen  by  the  radar  from  the  gravity-wave  dispersion  relation 
as  v  =  v  gL/2ir,  where  g  is  the  acceleration  of  gravity.  Equating  these  two,  he  found 
that  the  wavelength  of  the  backscattering  ocean  wave-train,  L,  was  precisely 
one-half  the  radar  wavelength,  A.  The  'resonant'  effect  revealed  by  this 
phenomenon  is  therefore  Bragg"  scatter,  or  the  diffraction-grating  mechanism.  In 
other  words,  all  of  the  ocean  wave-trains  present  on  the  sea  interact  with  the  radar 
wave,  but  the  only  two  which  can  backscatter  energy  toward  the  radar  are  those 
that  have  wavelengths  precisely  one-half  the  radar  wavelength,  and  moving  toward 
(positive  Doppler  frequency)  and  away  from  (negative  Doppler  frequency)  the 
radar.  That  this  is  the  correct  explanation  of  HF  sea  echo  is  confirmed  by  the 
correspondence  of  the  unique  observed  square-root  relation  between  the  carrier 
and  Doppler  frequencies  and  the  square-root  gravity-wave  dispersion  equation. 
The  fact  that  one  always  observes  discrete  Doppler  spikes  in  the  echo  (even  though 
he  may  not  be  able  to  discern  the  half-wave  backscattering  train)  arises  because  any 
Fourier  decomposition  of  a  random  but  finite  patch  of  sea  always  contains  wave 
spectral  energy  at  and  near  the  required  wavelength  and  directions.  Crombie 
recognized  in  his  original  article  that  this  discovery  should  lead  to  the  development 
of  sea-state  radar  remote-sensing  techniques.  Indeed  his  finding  forms  the  underly- 
ing basis  of  all  HF  (i.e.,  MF  through  VHF)  radar  sea-surface  remote  sensing,  as 
well  as  a  large  portion  of  microwave  radar  sea-surface  sensing  techniques. 

About  a  decade  later,  theoretical  studies  began  to  appear  which  confirmed 
Crombie's  experimental  discovery,  and  in  addition  quantitatively  related  the  sea- 
echo  Doppler  spectral  strength  to  the  ocean  wave-height  spectral  strength.  Looking 
at  a  single,  sinusoidal  wave-train,  Wait  (1966)  showed  that  one  could  relate  the 
strength  of  the  signal  voltage  at  the  Doppler-echo  peak  to  the  height  of  the 
Bragg-resonant  wave-train.  Wetzel  (1966)  -  using  a  physical-optics  approach 
(which  is  not  entirely  appropriate  for  the  sea-surface  boundary  at  HF)  -  obtained  a 
result  for  a  random  sea  echo  relating  the  average  Doppler  spectral  peak  strength  to 
the  sea-surface  spatial  height  spectrum  evaluated  at  the  Bragg  wave-number. 
Barrick  and  Peake  (1967,  1968)  and  Barrick  (1972a)  employed  a  boundary 
perturbation  approach  put  forward  by  Rice  (1951)  which  quantitatively  explained 
first-order  HF  sea  echo  from  a  random  sea  surface,  including  the  observed 
polarization  dependence  lost  in  physical  optics  solutions  to  the  problem.  This 
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solution  shows  that  -  in  the  absence  of  propagation  effects  which  increase  the  signal 
bandwidth  -  the  average  echo  power  spectrum  consists  of  two  impulse  functions  (in 
the  frequency  domain),  located  at  Doppler  frequency  shifts  ±\ gfo/irc  Hz  from  the 
carrier  frequency,  f0  (c  is  the  free-space  radio-wave  propagation  velocity).  The 
amplitude  factor  multiplying  these  impulse  functions  is  precisely  the  ocean  wave- 
height  directional  spectrum  evaluated  at  the  Bragg  wavenumbers  krx  =  2k0  cos  </>, 
kry  =2k0  sin  <f>;  here  k0  =  2Trfo/c  =  2-77-/ A  is  the  radar  wave-number  and  4>  is  the 
angle  between  the  (backscatter)  radar  direction  and  the  x-axis  of  the  coordinate 
system.  Barrick  (1972a)  also  obtained  general  results  valid  for  arbitrary  bistatic 
incidence/scattering  angles,  as  well  as  all  polarization  state  combinations.  Again, 
these  solutions  clearly  obey  the  Bragg  or  diffraction-grating  scatter  mechanism. 
The  sea  surface  is  effectively  decomposed  (over  the  scattering  patch)  into  series  of 
wave-trains;  to  first  order,  each  of  these  scatters  the  incident  energy  in  a  unique 
direction  determined  by  the  wave-train  wavelength  and  orientation.  The  Doppler 
shift  in  turn  is  precisely  the  wave  frequency  of  this  ocean  wave-train.  This  simple 
mechanism  underlies  many  of  the  experiments  to  be  described  in  subsequent 
sections. 

Sea-echo  Doppler  spectra  measured  with  modern  radar  systems  clearly  show 
these  'first-order'  spikes  resembling  impulse  functions.  Figure  1  is  an  example.  This 
plot  was  taken  at  San  Clemente  Island  looking  westward  at  13.4  MHz.  The  basic 
Fourier  transform  was  taken  over  200  s,  providing  a  Doppler  resolution  (or  system 
band-width)  of  ~0.005  Hz.  Nine  consecutive  200-s  spectra  were  added  together 
(incoherently  averaged)  to  produce  Figure  1.  The  scattering  patch  was  located 
30  km  from  the  radar,  and  was  approximately  3  km  in  radial  extent  by  5  km  in 
azimuthal  extent. 

Also  in  evidence  in  nearly  all  records  such  as  Figure  1  is  a  broad  echo  continuum 
surrounding  the  first-order  spikes.  This  continuum  has  been  proven  experimentally 
to  be  sea  echo  (rather  than  system  noise),  and  has  been  observed  to  vary  both  in 
amplitude  and  shape  with  sea  state  and  radar  frequency.  Since  'first-order'  theories 
predict  zero  echo  in  these  regions  of  Doppler  space,  it  was  concluded  that  this 
continuum  is  of  'higher  order';  hence  investigators  began  extending  the  theories  to 
second  order.  Barrick  (1971,  1972b)  derived  a  result  which  related  the  second- 
order  Doppler  spectrum  to  an  integral  involving  the  wave-height  directional  spec- 
trum, the  latter  quantity  appearing  as  a  factor  twice  and  evaluated  at  two  sets  of 
ocean  wave-vectors.  The  result  was  obtained  from  second-order  terms  in  the 
perturbation  expansion  of  the  nonlinear  equations  for  both  (i)  the  electromagnetic 
boundary  conditions  at  the  ocean  surface,  and  (ii)  the  hydrodynamic  boundary 
conditions  at  the  free  air-water  interface  under  the  influence  of  gravity.  The 
interpretation  of  the  mathematical  expressions  for  second-order  sea  echo  indicates 
that  a  double  interaction  is  responsible  for  the  scatter.  Formally,  one  can  express 
the  Bragg-scatter  relationships  for  the  first-order  Doppler  spectrum  as 

ks  —  ki  =  kr  —  i<     and     ws  —  w,  =  <or  =  (Oq  ,  (1 ) 
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Fig.  1.     Measured  surface-wave  sea-echo  Doppler  spectrum  at  13.4  MHz  from  San  Clemente  Island  on 

4  December  1972.  Nine  consecutive  200-s  power  spectra  were  incoherently  averaged  to  obtain  the 

above  record.  The  Doppler  frequency  axis  is  normalized,  with  0  corresponding  to  the  transmitted  carrier 

frequency  position,  and  ±1  being  the  first-order  Bragg  frequency  {±\lgf0/irc  =  ±0.3734  Hz). 

(where  kSj  kt  are  the  horizontal  projections  of  the  scattering  and  incident  wavevec- 
tors,  k  is  the  wavevector  of  the  Bragg-interacting  ocean  wave,  a>s  and  a>,  are  the 
scattered  and  incident  (radian)  frequencies  of  the  radar  signal,  with  &>0»  the 
frequency  of  the  Bragg-scattering  oceanwave  satisfying  the  lowest-order  dispersion 
equation  o>0  =  ± vg*)-  Thus  theory  shows  the  Doppler  shift,  cos - w„  of  the  first- 
order  scatter  process  is  identically  a>r  =  ^2gk0  (=wB),  the  value  discovered  experi- 
mentally by  Crombie.  In  the  same  manner,  the  second-order  theory  illustrates  the 
double-interaction  Bragg  process: 


ks  —  ki  =  kr  =  K\  +  K2     and     a)s  —  Wi  =  a>r  =  a>oi  +  a>02 


(2) 


where  Ki  and  k2  are  now  the  wave-vectors  of  the  two  ocean  waves  interacting 
simultaneously  to  produce  the  scatter,  and  the  lowest-order  dispersion  equation 
again  relates  the  temporal  to  the  spatial  wavenumbers,  a>0i  =  ± vgKi  and  o>02  = 
±  Vg*c2-  Without  repeating  the  cumbersome  expressions  for  the  Doppler  spectrum 
found  in  Barrick  (1971,  1972b)  and  Barrick  and  Weber  (1977),  Equation  (2a) 
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shows  that  there  are  whole  series  of  ocean  waves  whose  wave-vectors  form  two 
sides  of  a  triangle  which  participate  in  the  scattering  process.  Equation  (2b)  reduces 
the  degrees  of  freedom  of  the  vector  sets  satisfying  this  triad  relationship  from  two 
to  one,  thereby  evidencing  itself  as  an  integral  over  a  single  variable  for  the 
second-order  sea-echo  Doppler  spectrum. 

That  these  first-  and  second-order  scatter  theories  correctly  explain  HF  sea  echo 
has  been  demonstrated  experimentally.  Figure  2  is  a  comparison  of  theory  and 
experiment,  using  the  same  data  as  shown  in  Figure  1.  Here,  however,  the 
measured  spectrum  of  Figure  1  was  'filtered'  to  remove  much  of  the  noise-like 
structure  due  to  the  finite  sample  size.  Likewise  the  theoretical  data  -  computed  for 
the  sea  conditions  modeled  by  a  Phillips  spectrum  with  a  cos4  (6/2)  azimuthal  wave 
pattern  -  have  been  'filtered'  by  the  same  amount  to  permit  comparison.  That  the 
Phillips  model  was  applicable  for  use  in  calculating  the  predicted  Doppler  spectrum 
was  verified  by  both  buoy  measurements  and  hindcasts  made  for  the  scattering 
area.  Many  comparisons  such  as  this  suggest  that  first-  and  second-order  models 
available  today  correctly  explain  scatter.  Hence,  the  models  can  be  safely  used  to 
develop  and  test  inversion  techniques. 

One  final  feature  shown  in  Figure  1  illustrates  the  remaining  remote-sensing 
application  to  be  reviewed  in  this  paper:  the  measurement  of  near-surface  ocean 
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Fig.  2.    Comparison  of  smoothed  versions  of  theoretical  Doppler  spectrum  and  measured  results  shown 

in  Figure  1. 
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currents.  One  observes  a  small  overall  displacement  of  the  entire  spectrum  (by  a 
normalized  amount,  A)  as  seen  from  the  shifts  of  the  sharp  first-order  peaks  from 
their  expected  positions  at  ±(Oq/2tt.  This  displacement  arises  from  the  fact  that  the 
scattering  wave-trains  are  being  transported  by  underlying  currents.  Using  the 
same  data  set  from  which  Figure  1  was  made  -  along  with  drogue  buoys  in  the 
scattering  area  -  Stewart  and  Joy  (1974)  showed  that  this  explanation  in  fact 
accounts  for  the  displacement,  while  conversely,  the  current  velocity  can  be  cal- 
culated from  the  displacement.  Furthermore,  both  Stewart  and  Joy  (1974)  as  well 
as  Barrick  et  al.  (1974)  examined  the  meaning  of  this  shift  when  a  current  'shear'  vs 
depth  is  present. 

2.  Nature  of  HF  Remote  Sensing  and  Research  Programs 

The  nature  of  HF  radars  for  oceanic  remote  sensing  differs  considerably  from  the 
more  familiar  microwave  radars  characterized  by  parabolic  dish  antennas.  As  a 
result,  the  types  of  experiments  to  be  discussed  can  only  be  appreciated  if  one 
understands  these  differences.  Because  the  HF  wavelength  is  three  orders  of 
magnitude  greater  (typically  30  m),  the  most  obvious  hardware  difference  involves 
the  antenna.  The  type  of  narrow  beam  used  in  any  scanning  radar  requires  an 
antenna  aperture  many  wavelengths  in  extent.*  Thus  it  is  obvious  that  it  is  not 
possible  to  scan  a  2°  beam  by  mechanically  rotating  an  HF  antenna  as  with 
microwave  radars.  If  one  wishes  to  scan  a  narrow  beam  at  HF,  he  is  forced  to  do  so 
by  electronically  controlling  the  signal  phase  at  each  element  of  a  linear  antenna 
array  several  hundred  meters  in  length.  Therefore,  HF  experimental  facilities  either 
involve  long,  fairly  expensive  phased  arrays  requiring  a  considerable  amount  of  real 
estate;  or  experiments  must  be  designed  around  either  omni-directional  or  broad- 
beamed  shorter  antenna  elements  and  -  if  direction  of  arrival  is  important  -  by 
resorting  to  alternate  techniques. 

A  second  very  important  difference  has  to  do  with  the  propagation  of  HF  radio 
waves.  All  electromagnetic  waves  propagate  along  straight  lines  in  free  space.  Thus 
microwave  and  optical  rays  leaving  a  point  near  or  on  the  surface  of  the  earth 
cannot  generally  propagate  to  other  surface  points  below  the  horizon.  HF  radio 
waves,  however,  have  two  alternate  modes  by  which  they  can  reach  surface  points 
beyond  the  horizon.  The  first  has  to  do  with  diffraction  by  the  curved  earth;  at  HF, 
a  vertically  polarized  wave  can  be  diffracted  a  considerable  distance  beyond  the 
horizon  due  to  the  much  longer  wavelength  and  the  highly  conductive  properties  of 
sea  water  at  these  frequencies.  With  typical  powers  available  today,  such  radars 
located  at  ocean  level  can  observe  sea  echo  as  far  away  as  200  km.  The  theory 
behind  this  mode  of  radio  propagation  began  with  Sommerfeld  (1909)  over  75 
years  ago,  and  today  is  referred  to  as  the  'ground-wave'  or  'surface-wave'  mode. 
We  will  use  the  term  surface  wave  here  to  avoid  the  confusion  which  could  result 
from  referring  to  'ground'  waves  above  the  'sea'. 

*  More  precisely,  the  beamwidth  in  the  plane  of  an  aperture  having  length  L  is  K/L  radians. 
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The  second  'different'  mode  of  HF  propagation  -  referred  to  as  'skywave'  - 
results  from  the  presence  of  the  ionosphere  above  the  Earth.  The  charged  particles 
comprising  this  layer  cause  a  departure  of  the  effective  refractive  index  within  this 
region  from  unity,  and  this  departure  varies  inversely  with  the  square  of  the  radio 
frequency.  Hence,  while  the  ionosphere  is  virtually  invisible  to  microwaves,  it  can 
appear  at  HF  (below  30  MHz)  as  a  concentric  mirror  at  100-400  km  above  the 
Earth.  As  one  goes  lower  in  frequency,  however  (i.e.,  less  than  3  MHz  typically), 
the  effect  of  lower-altitude  charged  particles  is  felt  in  the  form  of  increased 
attenuation  to  the  propagating  signal.  Thus  there  is  a  fairly  narrow  window  of 
frequencies,  usually  in  the  mid  and  upper  HF  region,  within  which  HF  radar 
operation  is  practicable.  Even  within  this  window,  however,  moving  ionospheric 
inhomogeneities  and  multiple  layers  often  distort  a  skywave  signal  to  the  point 
where  it  is  unusable.  Skywave  propagation  distances  -  based  on  a  single  reflection 
from  the  ionosphere  -  can  reach  a  maximum  of  4000  km. 

As  a  consequence  of  the  wavelengths,  antenna  sizes,  and  propagation  modes  at 
HF,  one  is  faced  with  several  constraints  on  ocean  remote  sensing  experiments.  To 
observe  the  important  lower  end  of  the  gravity-wave  spectrum  using  first-order 
scatter  (where  the  ocean  wavelength  observed  is  one-half  the  radar  wavelength), 
one  must  use  frequencies  typically  between  500  kHz  and  2  MHz.  Besides  the 
presence  of  the  universally  used  AM  band  (550  kHz  to  1.6  MHz)  which  would 
interfere  with  radar  operation  in  this  region,  huge  antennas  would  be  required  to 
form  a  fairly  narrow  beam.  Furthermore,  observations  of  a  given  patch  of  ocean 
from  two  or  more  directions  would  be  necessary  to  infer  any  directional  in- 
formation about  the  longer  ocean  waves.  Finally,  the  ionospheric  attenuation  at 
these  lower  frequencies  is  such  as  to  preclude  skywave  propagation  to  greater 
distances,  restricting  one  to  shorter-range  surface-wave  observations.  Even  with 
these  constraints,  however,  several  promising  techniques  have  been  tested  as  low  as 
2  MHz,  which  give  important  information  about  the  lower  end  of  the  wave-height 
directional  spectrum;  these  will  be  discussed  subsequently. 

On  the  other  hand,  use  of  the  upper  HF  band  -  more  ideally  suited  to  long-range 
skywave  propagation  -  implies  that  to  first  order,  the  less  interesting  shorter  ocean 
waves  (5-15  m  in  length),  are  being  observed,  which  on  the  open  oceans  are  nearly 
always  developed  to  their  maximum  possible  height.  Because  of  this  and  because  of 
unknown  ionospheric  path  losses,  it  is  not  possible  to  use  the  first-order  skywave 
sea  echo  to  obtain  information  about  the  lower  end  of  the  gravity-wave  spectrum. 
Such  information  is  therefore  obtained  by  employing  the  second-order  sea  echo, 
normalized  against  the  'fully-developed'  first-order  echo. 

Two  other  factors  are  peculiar  to  HF  systems.  All  sensing  systems  are  plagued 
with  additive  noise;  in  the  microwave  band,  the  prevailing  noise  is  'internal',  due  to 
random  electron  motion.  At  HF,  however,  the  dominant  noise  is  external, 
generated  by  (i)  atmospheric  sources,  such  as  thunderstorms,  (ii)  extraterrestrial  or 
galactic  sources,  and  (iii)  man-made  sources,  such  as  automobile  ignition  systems. 
At  10  MHz,  for  example,  total  external  noise  typically  exceeds  internal  noise  by 
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4-5  orders  of  magnitude.  This  dominance  of  external  over  internal  noise  influences 
choice  of  antennas  and  also  can  cause  a  diurnal  or  geographical  variation  of  system 
sensitivity.  A  final  factor  which  facilitates  implementation  of  HF  systems  is  the  low 
data  rates  attendant  with  the  lower  operating  frequencies  (compared  with 
microwaves).  The  state  of  the  art  today  is  such  that  all  HF  receiver  signal  processing 
can  be  done  with  reliable,  inexpensive  digital  minicomputers  or  microprocessors. 
Microwave  radars  are  still  forced  to  rely  on  analog  devices  for  most  of  their  signal 
processing. 

Research  and  experiments  in  HF  radio  oceanography  can  be  divided  into  two 
categories.  In  the  first,  the  research  is  focussed  upon  the  development,  inter- 
pretation, and  application  of  the  radar  sensor  to  a  particular  problem;  the  emphasis 
here  can  be  thought  of  as  research  and  development  of  a  remote  sensing  technique. 
The  second  type  of  research  has  to  do  with  the  application  of  a  proven  HF  remote 
sensing  technique  to  a  particular  research  task  in  physical  oceanography.  Tradi- 
tionally, the  radar  specialist  has  emphasized  research  of  the  former  category, 
whereas  the  oceanographer  has  been  more  interested  in  the  latter.  By  promoting 
interdisciplinary  meetings,  it  is  hoped  the  'radio  oceanographer'  of  the  future  will 
be  able  to  produce  contributions  more  effectively  and  proficiently  in  both  cate- 
gories, rather  than  being  bound  strictly  to  the  area  of  his  academic  training. 

The  remainder  of  this  paper  will  review  research,  experiments,  and  potential 
future  HF  radio  oceanographic  techniques  which  fall  into  one  of  three  classes, 
based  upon  the  oceanographic  observable  desired:  (i)  the  wave-height  directional 
spectrum  or  properties  thereof;  (ii)  the  wind  field  near  the  sea  surface;  (iii)  ocean 
currents  near  the  surface. 

3.  The  Wave-Height  Directional  Spectrum 

Crombie  (1955)  suggested  over  two  decades  ago  that  HF  radars  could  be  used  to 
measure  sea  state.  Very  little  was  done  in  the  next  decade  to  further  this  suggestion, 
either  experimentally  or  theoretically.  Beginning  in  about  1966,  a  series  of 
theoretical  discoveries  (discussed  earlier)  showed  the  quantitative  relationships  -  to 
first  and  second  order  -  between  the  wave-height  directional  spectrum  and  the 
sea-echo  Doppler  spectrum.  These  theoretical  advances  spurred  further  experi- 
mental investigations,  employing  a  variety  of  novel  concepts  with  both  bistatic  as 
well  as  backscatter  geometries,  and  by  moving  the  receiver  as  well  as  keeping  it 
fixed. 

A.  Surface-wave  experiments 

Having  the  theories  for  first-order  sea  scatter  put  forward  and  extended  by  a 
number  of  investigators  (Barrick  and  Peake,  1967,  1968;  Munk  and  Nierenberg, 
1969;  Barrick,  1970;  Barrick  and  Grimes,  1970),  a  number  of  organizations 
initiated  various  scatter  experiments.  Joint  efforts  between  Scripps  and  Stanford 
University  were  first  directed  at  examining  the  nature  of  surface-wave  bistatic 
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scatter.  Using  LORAN-A  signals  (~  1.85  MHz)  transmitted  from  various  points 
along  the  California  coast,  this  group  received  sea-echo  signals  and  spectrally 
analyzed  them.  Employing  the  mathematical  models  for  first-order  bistatic  sea 
scatter,  they  derived  the  relationships  which  permitted  them  to  'map'  the  echo 
intensity  from  time-delay/Doppler-frequency  space  to  x/y  wavenumber  space  (see 
Teague,  1971a,  1971b;  Peterson  etai,  1970;  Barrick,  1972b).  While  this  technique 
does  not  uniquely  allow  the  determination  of  the  wave-height  directional  spectrum 
at  all  wave-numbers  from  a  single  set  of  measurements  at  a  given  frequency  and 
receiver  location,  it  was  shown  experimentally  to  yield  a  considerable  amount  of 
wave-height  directional  spectral  information.  One  must  assume  that  these  wave 
statistics  are  homogeneous  over  the  coastal  radar  coverage  area,  typically  200  x 
200  km.  The  advantage  of  this  technique  -  as  employed  by  Scripps  and  Stanford  -  is 
that  it  uses  existing  navigational  transmissions,  requiring  only  a  receiver  and 
processor.  Barrick  and  Grimes  (1970;  see  also  Barrick,  1972b)  examined  the 
characteristics  of  bistatic  scatter  at  mid-HF  (5,  10,  and  15  MHz)  using  a  buoy 
transmitter.  Still  later  mid-HF  experiments  of  the  Riverside  Research  Institute 
(1974)  were  aimed  at  mapping  the  average  bistatic  scatter  intensity  vs  time  delay 
and  Doppler  frequency. 

The  Scripps-Stanford  team  also  pioneered  another  novel  concept  for  measuring 
the  azimuthal  variation  of  the  wave-height  directional  spectrum  at  a  given  ocean 
wave-number.  The  direction  of  arrival  is  obtained  by  translating  the  small,  omni- 
directional receiving  antenna  along  the  surface  at  a  constant  velocity.  This  imparts  a 
different  Doppler  shift  to  the  sea  echo  arriving  from  each  azimuth  angle,  the 
receiver-induced  Doppler  component  varying  as  A/(#)=  v  cos  0/A,  where  6  is  the 
azimuthal  echo  arrival  angle  from  the  receiver  velocity  direction.  (The  configura- 
tion here  was  essentially  a  backscatter  geometry,  with  the  transmissions  again 
originating  from  a  LORAN-A  tower.)  Thus  the  solitary  first-order  Doppler  spikes 
-  represented  by  the  impulse  functions  -  are  spread  into  bands  about  their  first- 
order  positions  (vg/7rA)  of  width  2v/A,  with  each  Doppler  shift  in  this  band 
corresponding  to  a  different  direction  of  arrival.  The  ambiguity  in  angle,  6  (due  to 
the  even  nature  of  the  cosine  function)  was  resolved  by  making  runs  at  different 
angles.  In  Teague  et  al.  (1973)  and  Tyler  et  al.  (1974),  an  experiment  of  this  type  is 
described  which  was  conducted  on  Wake  Island.  The  receiver  was  driven  in  an 
automobile  along  aircraft  runways.  Since  the  frequency  being  transmitted  was 
~  1.95  MHz,  the  portion  of  the  ocean  wave  spectrum  being  observed  had 
wavelengths  of  77  m  and  periods  of  7  s.  Hence,  models  were  developed  from  these 
data  relating  the  angular  pattern  of  the  waves  at  a  given  frequency  to  the  wind 
speed. 

The  'synthetic  aperture'  technique*  tested  at  Wake  Island  has  already  proven  to 
be  a  useful  tool  for  oceanographic  research;  two  significant  results  have  emerged 

*  The  use  of  motion  of  one  or  both  of  the  terminals  is  referred  to  in  radar  terminology  as  forming  a 
synthetic  antenna  aperture  because  the  antenna  is  being  translated  in  time  to  the  positions  that  would 
normally  be  occupied  simultaneously  by  many  elements  of  a  phased-array  antenna. 
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thus  far.  First,  the  angular  dependencies  (shown  in  Figure  3)  for  the  first  time  reveal 
that  significant  amounts  of  wave  energy  propagate  against  the  wind,  a  fact  which 
was  predicted  years  ago  from  nonlinear  wave-wave  interaction  theories.  Secondly, 
these  measurements  permitted  development  of  an  angular  model  of  the  form 
cos5  0/2,  in  which  s  depends  upon  the  wind  speed  (for  fully  developed  seas)  and  the 
ocean  wavelength  being  observed  (see  Tyler  et  al,  1974).  Presently,  Scripps  and 
Stanford  are  conducting  experiments  in  the  Gulf  of  Mexico  off  Galveston  using  this 
technique  to  study  wave  growth  with  distance  from  shore. 

Other  techniques  have  been  proposed  for  observing  the  wave-height  directional 
spectrum  by  exploiting  motion  at  one  or  both  of  the  transmitter/receiver  terminals 
and  using  the  first-order  portion  of  the  wave-height  spectrum.  One  method 
employs  a  satellite  (or  aircraft)  for  one  of  the  terminals  and  a  buoy  or  tower-based 
stationary  point  for  the  other.  Sea  echo  at  a  given  delay  after  reception  of  the  direct 
signal  is  recorded,  spectrum  analyzed,  and  normalized  in  intensity  using  the  direct 
signal.  Barrick  (1972b)  describes  this  concept.  Experiments  were  conducted  by 
Battelle  Memorial  Institute  (Ruck  et  al,  1972;  Ruck,  1975)  which  showed  that  the 
technique  can  indeed  provide  useful  information  at  a  variety  of  ocean  wave- 
numbers  and  wave  angles.  Barrick  (1972b)  also  discusses  using  a  ship  with  a 
back-scatter  radar  to  measure  the  directional  spectrum,  again  utilizing  the  known 
ship  velocity  to  relate  wave  angle  to  first-order  sea-echo  Doppler  shift.  This 
technique  has  been  tried  experimentally  by  Stanford  and  also  works  satisfactorily; 
appreciable  limitations  on  the  angular  accuracy  in  this  case  can  be  imposed  by 
uncertainties  in  ship  velocity,  however. 

The  final  type  of  surface-wave  experiment  involves  shore-based  back-scatter 
radars  which  can  look  at  a  given  patch  of  sea  from  a  single  direction.  The  antenna 
beamwidths  in  these  experiments  have  varied  between  —7°  and  ~180°.  The  first 
reported  experiments  (following  Crombie's  original  experiments  two  decades  ago) 
were  by  Crombie  in  the  mid  1960's  (Crombie  et  al,  1970;  Crombie,  1971)  in 
connection  with  the  BOMEX  program  on  Barbados  Island.  The  Naval  Research 
Laboratory  conducted  surface-wave  experiments  in  the  late  1960's  on  the  Ches- 
apeake Bay  which  verified  the  quantitative  predictions  of  the  first-order  sea-echo 
amplitude  (see  Barrick,  1972a).  Stanford  University  reported  measurements  at 
30  MHz  (Tyler  et  al,  1972)  with  a  nearly  omnidirectional  antenna  system;  second- 
order  echo  features  were  clearly  in  evidence  on  these  Doppler  records.  Surface- 
wave  sea-echo  back-scatter  Doppler  data  were  observed  within  many  Defense 
Department  programs  in  the  early  1970's,  but  the  primary  emphasis  in  these  efforts 
was  the  elimination  of  this  echo  as  unwanted  'clutter'  rather  than  in  its  use  as  a 
remote  sensing  mechanism.  A  French  program  is  presently  underway  (de  Maistre  et 
al,  1978),  which  is  investigating  the  potential  of  surface-wave  sea-echo  for 
measuring  wave  characteristics.  A  fairly  extensive  set  of  surface-wave  measure- 
ments was  made  looking  westward  from  San  Clemente  Island  in  late  1972  and  early 
1973  in  a  joint  NOAA/ITS/NAVY  program  (Barrick  et  al,  1974).  These  data 
taken  on  frequencies  from  2  to  25  MHz  were  gathered  primarily  for  the  purpose  of 
testing  theories  relating  the  second-order  Doppler  spectrum  to  characteristics  of 
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Fig.  3.  Directional  spectra  of  0.14  Hz  waves  approaching  Wake  Island  as  measured  by  synthetic- 
aperture  HF  radar  at  1.95  MHz  in  1972  (from  Tyler  et  ai,  1974).  Plotted  is  energy  density  on  a  linear 
scale  (left)  and  logarithmic  scale  (right);  smooth  curves  are  least-square  fits.  Wind  averages  over 

preceding  eight  hours  are  indicated. 
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the  wave-height  directional  spectrum.  Figures  1  and  2  were  taken  from  these 
measurements.  The  results  of  these  analyses  are  discussed  in  the  next  section. 

Using  data  gathered  at  the  San  Clemente  Island  facility,  Barrick  and  Snider 
(1977)  showed  that  the  sea-echo  signal  amplitude  is  for  all  practical  purposes  a 
Gaussian  random  variable;  this  applies  to  both  the  first-  and  second-order  portions 
of  the  echo.  Furthermore,  they  determined  that  the  time  between  independent 
Doppler  spectral  samples  at  mid-HF  is  approximately  30-50  s.  These  two  facts  are 
useful  for  system  design  and  analyses  because  they  provide  statistical  confidence 
limits  of  spectral  sample  averages  as  a  function  of  radar  observation  time. 

B.  Second-order  echo-inversion  efforts 

It  was  mentioned  previously  that  few  features  of  the  wave-height  directional 
spectrum  can  be  extracted  from  practicable  non-moving  backscatter  radars  using 
the  first-order  echo.  Essentially,  only  two  points  in  the  directional  spectrum  are 
sampled  by  the  first-order  interaction;  these  are  the  two  sets  of  ocean  wave-trains 
half  the  radar  wavelength  moving  toward  and  away  from  the  radar.  For  radar 
frequencies  between  3  and  30  MHz,  for  example,  that  portion  of  the  spectrum  with 
temporal  frequencies  between  0.18  and  0.56  Hz  are  sampled;  waves  at  these 
frequencies  on  the  open  ocean  are  nearly  always  developed  to  their  maximum 
'equilibrium'  heights.  The  dominant  wave  direction  of  the  Bragg-scattering  waves 
with  respect  to  the  radar  direction  can  be  inferred  if  one  uses  a  directional  model 
such  as  that  put  forth  in  Tyler  etal.  (1974).  It  is  generally  not  satisfactory  to  attempt 
to  extrapolate  wave  directional  features  at  the  more  important,  lower  wave- 
numbers  from  a  single  set  of  such  measurements  at  higher  wave-numbers. 

As  soon  as  theoretical  models  for  the  second-order  sea-echo  Doppler  spectrum 
were  published  (Barrick,  1971),  it  was  obvious  that  from  this  portion  of  the  echo 
one  could  hope  to  extract  many  more  important  wave-height  spectral  features,  still 
employing  only  a  single  radar  frequency  and  direction  for  a  given  patch  of  sea.  The 
mathematical  relationship  is  a  nonlinear  integral  equation,  with  the  desired  wave- 
height  directional  spectrum  appearing  as  a  factor  twice  in  the  integrand,  evaluated 
at  the  double  Bragg-scattering  wave-vectors  *i  and  k2  forming  two  sides  of  a 
triangle.  Hasselmann  (1971)  first  suggested  that  this  integral  equation  could  be 
approximated  under  certain  circumstances  to  yield  the  wave-height  nondirectional 
spectrum;  furthermore,  he  pointed  out  that  by  dividing  by  the  first-order  echo  as  a 
normalization,  one  could  remove  unknown  path  losses  and/or  system  gain  factors. 
Stewart  (1971)  explored  Hasselmann's  claim,  employing  only  the  hydrodynamic 
second-order  contribution  and  a  restrictive  directional  model.  Barrick  (1977b),  using 
the  general  second-order  expression,  derived  and  tested  this  suggested  result.  He 
found  that  much  of  the  directional  dependence  of  this  inversion  technique  could  be 
removed  by  dividing  the  Doppler  spectrum  by  a  known  weighting  function;  upon 
testing  this  inversion  method  theoretically,  Barrick  showed  that  reasonable  ac- 
curacy was  obtainable  for  k0h  >0.2,  where  k0  is  the  radar  wave-number  and  h  is 
the  rms  wave-height. 
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The  first  testing  of  second-order  inversion  techniques  against  measured  data 
(supported  by  independent  wave  buoy  measurements)  was  done  with  the  San 
Clemente  Island  data  discussed  above.  Barrick  (1977a)  showed  that  rms  wave- 
height  and  mean  wave  period  could  be  deduced  to  acceptable  accuracies.  The 
technique  -  based  upon  the  weighting-function  approach  described  in  the  preced- 
ing paragraph  -  requires  neither  the  assumption  of  a  given  wave  directional  model 
nor  the  assumption  that  the  seas  are  fully  developed.  Figure  4  shows  data  points  for 
wave-height.  The  ordinate  represents  the  correction  factor,  relating  radar-deduced 
wave-height,  h*,  to  buoy-measured  wave-height,  h.  Some  small,  residual  direc- 
tional dependence  can  be  expected,  as  seen  from  the  theoretical  curves.  The 
experimental  data  show  that  for  fc0^*>0.3,  the  rms  wave-height  error  is  ~22%. 

The  ultimate  objective  is  to  invert  the  second-order  Doppler  spectrum  exactly, 
obtaining  the  entire  wave-height  directional  spectrum.  Because  of  the  nonlinearity 
of  the  integral  equation  and  the  two-dimensional  nature  of  the  desired  quantity, 
this  is  indeed  a  formidable  problem.  Stanford  University  and  NOAA's  Wave 
Propagation  Laboratory  are  presently  investigating  this  task.  Lipa  (1977)  has 
derived  and  discussed  a  simplified  but  quite  promising  solution. 
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Fig.  4.    Theoretical  and  experimental  results  of  use  of  waveheight  inversion  model;  h+  is  radar-deduced 

rms  wave-height,  while  h(=  Hi/3/4)  is  buoy-measured  rms  wave-height.  Measured  data  were  taken  at 

San  Clemente  Island  on  azimuthal  bearings  of  240°  (left)  and  270°  (right),  and  are  inverted  from 

averages  of  nine  200-s  spectra  on  frequencies  from  3  to  20  MHz. 
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C.  Skywave  experiments 

Ever  since  Crombie's  initial  surface-wave  discovery  two  decades  ago,  many  have 
been  intrigued  by  the  concept  of  using  skywave  radars  to  measure  'sea  state' 
remotely  over  vast  ocean  expanses  at  great  distances.  Tveten  (1967)  first  published 
skywave  Doppler  records  of  sea  echo  around  Florida  measured  from  Boulder, 
Colorado,  which  exhibited  the  characteristic,  symmetrically  placed  first-order 
Bragg  peaks.  Ward  (1969)  published  similar  skywave  sea-echo  data.  Both  the 
Stanford  Research  Institute  and  Naval  Research  Laboratory  have  often  observed 
sea  echo  with  skywave  radars,  which  also  clearly  shows  the  expected  second-order 
spectral  features;  these  observations  have  thus  suggested  the  possibility  that  the 
inversion  techniques  mentioned  above  -  using  the  second-order  echo  -  can  be 
exploited  to  obtain  important  parameters  of  the  wave-height  directional  spectrum. 
Since  the  second-order  sea  echo  must  be  utilized  in  order  to  recover  anything 
more  than  crude  wave  direction  estimates  at  the  shorter  ocean  wavelengths,  this 
portion  of  the  Doppler  spectrum  must  be  clearly  recognizable.  Yet  it  is  well  known 
that  a  time-varying  ionosphere  will  smear  the  Doppler  record,  sometimes  to  the 
point  where  one  cannot  recognize  or  utilize  the  second-order  echo.  Hence  in- 
version techniques  -  for  example,  those  discussed  in  the  preceding  section  which 
proved  so  useful  for  obtaining  wave-height  and  wave-period  from  surface-wave 
data  -  may  only  be  useful  for  a  small  percentage  of  the  time  with  skywave  radars. 
NOAA's  Wave  Propagation  Laboratory  has  embarked  on  a  research  program  to 
determine  the  utility  and  accuracy  of  a  skywave  radar  for  obtaining  wave-height 
directional  spectral  parameters.  Located  on  the  north  end  of  San  Clemente  Island, 
the  radar  looks  into  the  North  Pacific  and  Gulf  of  Alaska.  Real-time  ionospheric 
diagnoses  and  use  of  adaptive  techniques  can  permit  the  skywave  radar  user  to 
recognize  bad  operating  times  and  areas  and,  in  some  cases,  to  work  around  these 
difficulties.  In  addition,  simulations  -  in  which  previously  recorded  surface-wave 
data  are  distorted  to  resemble  ionospherically  smeared  skywave  data  -  are  being 
used  to  develop  and  test  inversion  techniques  for  dealing  directly  with  the  skywave 
sea  echo.  If  the  program  indicates  that  the  skywave  radar  can  observe  wave 
parameters  a  reasonable  percentage  of  the  time  with  adequate  accuracy,  this 
remote  sensing  instrument  should  prove  to  be  a  very  useful  tool  both  for  routine 
moi.itoring  of  sea  state  over  large  areas  and  for  specific  oceanographic  experiments. 


4.  Ocean  Surface  Winds 

Inasmuch  as  the  waves  on  the  ocean  are  produced  by  the  winds  near  the  surface,  it 
was  recognized  some  time  ago  that  the  skywave  radar  would  ultimately  become  a 
useful  tool  for  remotely  sensing  oceanic  winds.  Since  only  two  parameters  are 
required  to  describe  the  wind  vector  (magnitude  and  direction),  it  was  felt  (Long 
and  Trizna,  1973)  that  these  quantities  could  be  deduced  from  readily  recognizable 
features  of  the  Doppler  spectrum.  The  emphasis  was  toward  deriving  empirical 
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techniques  for  extracting  wind  velocity  from  the  echo  signal,  since  no  direct  link 
between  the  radar  echo  and  wind  is  possible.* 

As  was  mentioned  earlier,  the  strengths  of  the  positive  and  negative  first-order 
Doppler  peaks  are  proportional  to  the  heights  of  advancing  and  receding  ocean 
waves  equal  to  roughly  one-half  the  radar  wavelength.  At  skywave  radar  operating 
frequencies,  these  ocean  wavelengths  are  5  to  15  m.  Inasmuch  as  these  shorter 
ocean  waves  respond  fairly  quickly  to  wind  changes,  several  investigators  recog- 
nized that  the  ratio  of  the  two  first-order  peaks  might  be  a  useful  indicator  of  wind 
direction.  One  must  of  course  assume  a  directional  model  in  order  to  relate  this 
ratio  to  the  wind  vector  orientation  with  respect  to  radar  direction,  and  all  such 
models  are  symmetrically  ambiguous  about  the  radar  direction. 

The  first  group  to  map  ocean  surface  winds  with  a  skywave  radar  system  was  the 
Naval  Research  Laboratory  (NRL).  Looking  into  the  North  Atlantic  from  their 
Chesapeake  Bay  facility,  they  plotted  wind  directional  arrows  which  clearly  ex- 
hibited the  features  of  both  cyclonic  storm  patterns  and  frontal  systems  (Long  and 
Trizna,  1973;  Ahearn  et  at,  1974).  Radar-deduced  arrows  were  compared  with 
weather  maps  based  on  ship  reports.  Most  of  these  efforts  attempted  to  deduce  only 
wind  directions  from  the  first-order  echo  ratios;  features  of  the  sea-echo  Doppler 
spectrum  which  could  be  used  to  deduce  wind  speed  were  less  obvious.  NRL 
investigated  the  comparison  of  the  first-order  echo  peaks  with  the  (second-order) 
echo  floor  between  the  peaks  as  an  indicator  of  wind  speed;  this  empirical  cor- 
relation met  with  only  limited  success. 

Scripps  and  the  Stanford  Research  Institute  (SRI)  conducted  skywave  tests  for 
several  days  in  which  they  compared  radar-deduced  wind  directions  and  speeds 
with  those  measured  from  a  buoy,  FLIP,  northeast  of  Hawaii  (Stewart  and  Barnum, 
1975).  (Their  radar  facility  is  located  in  California  near  San  Francisco.)  They 
employed  an  improved  model  for  deducing  wind  direction,  viz.,  the  result  of  their 
LORAN-A  Wake  Island  radar  experiment  discussed  in  Tyler  et  al.,  (1974).  They 
obtained  quite  acceptable  direction  accuracies  of  ±16°  with  this  model.  For  wind 
speed,  they  attempted  to  develop  an  empirical  model,  relating  the  width  of  the  echo 
at  the  first-order  peak  position  to  the  speed;  the  results  were  somewhat  dis- 
couraging. The  width  of  this  peak  is  inherently  insensitive  to  wave-height,  and 
hence  would  be  even  less  sensitive  to  wind  speed.  In  addition,  however,  ionospheric 
smearing  and  poor  Doppler  processor  resolution  further  degraded  the  accuracy  of 
this  technique. 

Quite  promising  results  have  been  obtained  recently  by  SRI,  using  their  skywave 
radar  facility  to  locate  and  track  hurricanes  and  severe  storms  over  the  ocean.  Their 
radar  is  capable  of  looking  into  the  Gulf  of  Mexico  as  well  as  the  Pacific  Ocean. 
During  1975  and  1976,  they  observed  several  hurricanes  in  the  Gulf  of  Mexico. 
The  primary  output  of  these  observations  has  been  wind  direction,  using  the  ratio 

*  It  should  be  stressed  that  at  HF,  a  radar  does  not  respond  to  winds,  nor  in  fact  to  rain,  snow,  or  other 
meteorological  phenomena  which  are  frequently  used  as  microwave  targets. 
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of  the  two  first-order  echo  peaks  to  infer  this  quantity.  The  deduction  of  hurricane 
wind  speeds  from  the  echo  has  not  thus  far  been  successfully  demonstrated, 
although  the  search  for  empirical  relationships  yielding  this  quantity  from  the  echo 
is  continuing.  Figure  5  is  an  example  of  radar-inferred  wind  directions  during 
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Fig.  5.  Wind  circulation  estimates  (direction  only)  for  Hurricane  Eloise  in  Gulf  of  Mexico  measured  by 
SRI  over-the-horizon  radar.  Hurricane  center  estimated  from  radar  denoted  by  circle;  center  estimated 
from  satellite  and  aircraft  reconnaissance  denoted  by  square.  Wind  direction  vectors  shown  as  measured 

at  NOAA  buoys  EB-04  and  EB-10. 


Hurricane  Eloise  in  1975  (Maresca  and  Barnum,  1977).  The  black  circle  represents 
the  'radar-inferred'  hurricane  center,  and  the  black  square  is  the  hurricane  center 
derived  from  satellite  and  reconaissance  aircraft  observations;  the  difference  be- 
tween these  'centers'  is  35  km.  The  heavy  arrows  are  wind  directions  measured  at 
NOAA  buoys  EB-04  and  EB-10.  Further  research  in  this  area  at  SRI  is  aimed  at 
deriving  methods  of  determining  the  position,  speed,  size,  circulation,  and  wind 
intensity  throughout  the  hurricane  at  the  ocean  surface.  They  are  also  exploring  the 
possibility  of  inferring  wind  intensity  from  skywave-derived  ocean  surface  currents, 
in  which  land  echo  is  used  as  a  zero-velocity  reference.  There  is  little  doubt  that 
skywave  observations  of  hurricane  and  storm  areas  will  ultimately  provide  in- 
formation which  is  difficult  and  expensive  to  obtain  by  other  means. 
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5.  Ocean  Surface  Currents 

The  first  study  of  surface  currents  using  an  HF  surface-wave  radar  was  done  by 
Crombie  (1972).  He  located  a  radar  on  the  east  coast  of  Florida  and  looked  toward 
the  Gulf  Stream.  In  these  experiments  he  also  pioneered  another  novel  concept: 
the  use  of  the  phase  between  the  echo  signal  at  two  omnidirectional  receiving 
antenna  elements  as  a  technique  for  obtaining  the  angular  direction  of  arrival.  Thus 
the  need  for  a  long  antenna  array  to  determine  direction  was  circumvented. 

Additional  experiments  done  at  San  Clemente  Island  in  1972  were  aimed  at 
studying  the  current  velocity  resolution  (Stewart  and  Joy,  1974;  Barrick  et  al., 
1974).  The  resolution  -  deduced  from  independent  (buoy)  drifter  observations  - 
appeared  to  be  better  than  10  cm  s~  .  The  above  investigators  also  analyzed  the 
effect  of  a  varying  current  profile  with  depth,  and  concluded  that  the  radar  senses 
the  mean  current  speed  to  a  depth  of  ~A/87r  from  the  (average)  surface  level. 

NOAA's  Wave  Propagation  Laboratory  has  undertaken  a  program  to  develop 
and  test  a  small,  transportable  coastal  backscatter  radar  system  for  mapping  near- 
surface  currents  in  real  time  (Barrick  and  Evans,  1976).  The  system  consists  of  two 
radar  units,  because  a  single  radar  can  measure  only  one  component  of  the  total 
current  vector  (that  component  pointing  toward  the  radar).  The  two  units  are 
positioned  along  the  coast  about  40  km  apart,  and  -  operating  in  the  surface-wave 
mode  between  25  and  30  MHz  -  have  a  maximum  range  from  the  coast  of  about 
70  km.  Design  and  construction  of  the  first  radar  unit  pair  was  completed  in  June 
1976. 

These  radar  units  -  and  others  to  be  constructed  in  the  near  future  -  are  to  be 
used  to  map  current  patterns  along  the  U.S.  coasts.  In  particular,  they  are  to  be 
employed  in  environmental  studies  aimed  at  assessing  the  impact  of  possible 
offshore  oil  recovery  operations.  It  is  surface  currents  that  will  determine  whether 
an  oil  spill  or  leak  may  dissipate  harmlessly  at  sea  or  do  irreparable  damage  to  the 
coast.  Oceanographic  research  experiments  are  also  planned  with  these  radars; 
with  the  ability  to  obtain  thousands  of  current  vectors  every  3x3  km  after  only 
several  minutes'  operation,  the  oceanographer  will  have  a  wealth  of  data  heretofore 
unobtainable. 

The  concept  behind  the  NOAA  radars  is  similar  to  that  employed  by  Crombie 
(1972).  Here,  however,  three  receiving  antennas  (3  m  apart)  are  used  instead  of  two 
to  obtain  the  echo's  angle  of  arrival.  This  permits  one  to  resolve  signals  unam- 
biguously at  the  same  Doppler  frequency  from  two  different  directions. 

Only  several  days  data  have  been  gathered  thus  far  with  the  recently  constructed 
radars,  and  these  have  been  obtained  using  only  one  of  the  two  units  required  to 
obtain  a  complete  vector  field.  This  radar  was  operated  near  Fort  Lauderdale, 
Florida  looking  eastward  into  the  Gulf  Stream.  The  other  site  will  soon  be  on  the 
air  simultaneously  at  Miami.  Therefore  the  'maps'  obtained  thus  far  show  only  the 
radial  component  of  the  current  vector,  pointing  in  the  direction  of  the  radar  site. 
For  comparison,  current  values  for  the  Gulf  Stream  averaged  over  time  are  shown 
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in  radial  map  form  in  Figure  6a;  these  were  obtained  from  Diiing  (1975).  They 
show  a  South-North  flow  which  reaches  a  maximum  about  40  km  from  shore. 
Figure  6b  is  a  map  of  radial  currents  measured  by  the  radar  based  upon  about  five 
minutes  of  operation.  It  is  obvious  from  the  general  agreement  of  the  two  maps  that 
the  radar  does  in  fact  provide  massive  amounts  of  surface  current  data.  Further 
experiments  using  both  sites  will  be  conducted  to  measure  more  precisely  the 
accuracy  of  the  system;  first  indications  are  that  this  accuracy  should  exceed 
10  cms"1. 
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Fig.  6.  Radial  current-vector  maps  as  seen  by  transportable  NOAA  HF  surface-wave  radar  system  at 
Ft.  Lauderdale,  Florida;  comparisons  of  expected,  typical  flow  pattern  vs  radar-measured  data  with  no 
averaging  or  filtering.  (Top)  One-site  map  of  typical,  mean  Gulf-stream  current  taken  from  Diiing 
(1975).  (Bottom)  One-site  map  of  radar-deduced  Gulf  Stream  currents  with  no  averaging  or  filtering. 
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6.  Conclusions 

Historically,  radio  oceanography  began  first  at  HF,  both  in  terms  of  experiments 
and  theory.  The  HF  scatter  mechanism  is  soundly  established,  and  there  is  no 
question  as  to  the  adequacy  of  the  theoretical  scatter  models,  both  to  first  and 
second  order.  Hence,  as  this  paper  has  shown,  the  HF  region  presently  offers  a 
wider  variety  of  radar  remote  sensing  techniques  than  other  regions  of  the  radio 
spectrum. 

Many  of  these  techniques,  such  as  low-HF  synthetic  aperture  surface-wave 
radars  and  mid-HF  phased-array  systems,  have  already  led  to  oceanographic 
discoveries.  Others,  such  as  current-mapping  radars  and  possibly  shipboard  radars, 
will  undoubtedly  advance  our  knowledge  and  understanding  of  wave  and  current 
structures  on  the  ocean's  surface. 

Skywave  radars  have  for  many  years  held  out  the  exciting  possibility  of  monitor- 
ing wave  and  wind  fields  over  vast  ocean  areas.  Because  there  are  several  such 
radars  in  the  world  which  can  observed  the  seas,  measurements  of  sea  surface 
conditions  will  certainly  continue.  The  question  of  whether  the  ionosphere  will 
permit  sufficiently  reliable  and  timely  measurements  to  justify  the  implementation 
of  operational  skywave  radars  that  will  routinely  monitor  sea  state  has  not  yet  been 
answered;  present  research  programs  should  soon  provide  the  answer. 
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INTRODUCTION 


The  continuing  debate  concerning  the 
quality  and  accuracy  of  weather  forecasts  in  the 
United  States  (see,  for  example,  Ramage,  1978, 
Sanders,  1978)  is  interesting  to  follow.  One 
side  points  to  the  advances  that  have  been  possi- 
ble as  the  result  of  centralized  numerical  prog- 
noses (Shuman,  1978),  while  others  believe  that 
it  is  this  centralized  product  which  has  resulted 
in  what  they  view  as  a  leveling  of  forecast  skill 
(Ramage,  1978a,  Snellman,  1977) . 

While  this  kind  of  dialogue  within  the 
scientific  community  is  healthy  and  thought-pro- 
voking, it  misses  an  important  point.  Has  the 
level  of  overall  service   been  improved  in  rela- 
tionship to  any  measure  of  forecast  skill  which 
we  care  to  apply?  This  end  product,  the  service, 
is  after  all  the  fundamental  reason  for  making  a 
forecast  in  the  first  place  and  unless  we  can 
show  that  services  are  improved  as  the  result  of 
a  better  forecasting  or  observing  technique,  we 
are  left  with  a  nagging  doubt  about  the  magnitude 
of  the  "improvement." 

Measurement  of  service  quality  is  diffi- 
cult. We  must  go  beyond  the  well-ordered  scien- 
tific disciplines  and  enter  the  area  of  sociology 
and  human  behavior  in  order  to  gauge  the  users' 
reactions  to  the  products  which  are  supplied. 
There  is  some  evidence  that  our  final  weather 
service  output  does  not  match  increasing  forecast 
skill  scores.  For  example,  in  a  recent  survey  in 
a  region  near  Denver,  Colorado,  a  randomly  se- 
lected sample  of  100  farmers  were  asked  to  give 
their  impression  of  the  accuracy  of  currently 
available  weather  forecasts.  Nearly  50%  of  the 
sample  felt  that  the  forecasts  were  accurate  only 
about  25%  of  the  time.  Another  indication  of  the 
quality  of  the  final  output  of  our  weather  ser- 
vices comes  from  the  excellent  response  of  the 
public  to  the  CRAB  experiment  (Scofield  and  Weiss, 
1977).  This  experiment  concentrated  on  providing 
nowcast  service  to  users  in  the  Chesapeake  Bay 
region.   Providing  timely  information  based  on 
existing  observing  and  forecasting  techniques 
formed  the  main  thrust  of  this  experiment.  This 
relatively  simple  exercise  apparently  generated 
more  favorable  user  response  than  all  of  the  skill 
score  improvements  that  have  occurred  in  the  past 
10  years. 

Lest  there  be  some  misunderstanding, 
let  us  emphasize  now  that  we  are  not  suggesting 
that  forecasting  skill  is  not  of  fundamental  im- 
portance to  the  overall  effectiveness  of  a  weather 
service;  it  most  emphatically  is.   Our  point  is 
that  a  weather  service  is  a  complex  system,  made 
up  of  several  important  elements.  Major  improve- 
ments in  one  area  will  not  necessarily  improve 
overall  system  performance,  if  some  other  element 
of  the  system  is  really  the  limiting  factor. 


A  weather  service  can  be  divided  into 
the  general  elements  of  observing,  forecasting 
(including  analysis),  communication,  and  dissemi- 
nation. Each  of  these  elements  contain  special- 
ists in  fields  that  relate  most  closely  to  that 
element.  Often,  there  is  little  cross-disciplinary 
experience  or  training  within  a  single  element, 
and  even  less  communication  between  elements. 
Hence,  we  see  the  observational  field  with  a  pre- 
dominance of  engineers  and  physicists,  the  fore- 
casting element  with  mostly  meteorologists,  and 
the  dissemination  area  with  a  large  proportion  of 
people  skilled  in  broadcasting  and  journalism. 
While  this  division  of  disciplines  is  by  no  means 
total,  it  is  great  enough  to  be  suspected  as  one 
of  the  reasons  for  less  than  perfect  system  per- 
formance. 

Let  us  now  change  our  tack  slightly  and 
examine  weather  service  in  terms  of  those  it 
serves.  Clearly,  the  weather  service  is  designed 
to  meet  the  needs  of  users  ranging  from  the  general 
public  to  such  specialized  groups  as  aviation. 
Meeting  these  needs  may  indeed  be  the  ultimate 
goal  of  a  weather  service,  but  we  do  not  believe 
that  this  goal  has  yet  been  reached.  We  are  get- 
ting closer,  but  there  is  still  much  to  be  done. 

Let  us  explain.  Few  meteorologists 
would  argue  with  the  importance  of  understanding 
large-scale  meteorological  process.  The  global 
and  synoptic  scales  are  fundamentally  important 
to  any  forecasting  attempt.  These  larger  scale 
motions  had  to  be  observed  and  quantified  before 
there  was  even  any  thought  of  applying  powerful 
numerical  techniques  to  help  provide  weather  pre- 
dictions. Once  we  have  a  high  degree  of  skill  in 
dealing  with  the  larger  scales  of  motion  we  can 
turn  our  attention  more  to  the  smaller,  meso- 
scales.  This,  it  seems,  is  exactly  what  we  are 
doing  and  from  the  meteorologist's  point  of  view 
is  the  only  correct  way  to  proceed. 

Now  let  us  introduce  another  concept  of 
scale.  For  want  of  a  better  name  we  will  call  it 
the  users'  scale.   Its  size  depends  only  on  the 
area  covered  by  any  given  individual  for  any  given 
length  of  time.  On  a  day-to-day  basis,  most 
people  stay  within  a  few  10* s  of  km  of  their  home, 
so  we  can  say  that  in  general  the  users'  scale 
is  not  much  larger  than  the  area  encompassed  by  a 
large  city.  There  are,  of  course,  exceptions  such 
as  the  traveler,  but  the  vast  majority  of  users 
fit  comfortably  within  this  scale  size. 

When  we  say  that  there  is  still  much  to 
be  done  before  we  achieve  the  ultimate  goal  of 
a  weather  service  we  are  simply  making  the  obser- 
vation that  we  do  not  now  provide  highly  site  spe- 
cific localized  weather  services  on  the  user  scale 
as  we  have  defined  it.   In  order  to  avoid  becoming 
involved  in  the  ongoing  forecasting  debate,  we 
take  the  comfortable  position  that  both  schools  of 
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thought  are  correct.   The  synoptic  scales  and 
larger  mesoscales  are  most  effectively  dealt  with 
by  a  centralized,  numerical  facility.   This  capa- 
bility forms  the  essential  base  from  which  smaller 
scale  forecasts  can  be  made.  As  the  scales  of 
interest  become  smaller,  however,  it  is  necessary 
to  place  more  emphasis  on  the  skills  and  capabi- 
lities of  the  local  forecaster,  the  dissemina- 
tion component,  and  on  improved  observations. 

Researchers  in  the  numerical  modeling 
discipline  are  well  aware  of  the  need  to  provide 
higher  resolution  predictions.   Their  efforts 
have  resulted  in  the  Limited  Area  Fine  Mesh  Model 
(LFM)  and  the  Very  Fine  Mesh  Model  (VFM) , 
(Fawcett,  1977)  for  example.   Relative  to  the 
global  scale  these  are  indeed  high  resolution 
models,  but  when  we  consider  that  even  the  VFM 
has  a  grid  spacing  of  about  100  km  and  we  compare 
this  to  the  size  of  any  large  city,  it  is  clear 
that  even  these  models  cannot  provide  the  site 
specific  forecasts  needed  for  a  truly  local  wea- 
ther service.   Further,  it  would  appear  that 
there  are  fundamental  limits  to  this  "come  down 
from  the  large  scale"  approach.   Despite  the 
near  exponential  growth  of  computer  capacity, 
use  of  these  new  models  is  pushing  the  limits  of 
computer  technogloy.   Shuman  (1978)  observes 
that  "nowhere  does  nature  support  exponential  " 
growth  indefinitely,"  suggesting  that  we  cannot 
rely  on  the  growth  of  computer  technology  to 
reach  the  very  small  scales  with  ever  more 
sophisticated  models.   A  second  limitation  is 
inherent  in  the  data  base  that  is  available  to 
initialize  the  smaller  scale  models.   Our  present 
observational  network  is  compatible  with  the 
synoptic  scale.   The  spacing  and  timing  of  radio- 
sonde launches,  the  surface  network,  and  the 
generally  large  overview  of  the  satellite  provide 
a  data  base  that  is  well  matched  to  the  larger 
atmospheric  scales.   Again,  as  higher-resolution 
models  are  designed,  they  must  be  initialized  by 
higher- resolution  (both  time  and  space)  data. 
These  high- resolution  data  sets  are  not  now 
available,  even  for  testing  the  finer  mesh  models. 

Those  who  suggest  that  the  centralized 
large  scale  prognoses  are  not  effective  on  the 
local  scale  perceive  the  problem  of  weather  ser- 
vices more  from  the  users'  viewpoint.  Their 
number,  understandably,  includes  many  people 
who  have  local  forecast  responsibility.   Their 
approach  is  characterized  by  pleas  to  place 
"the  man"  more  fully  in  the  forecasting  loop 
and  to  make  fuller  use  of  such  techniques  as 
Model  Output  Statistics  (MOS)  (Glahn  and 
Lowry;  1972)  and  Lagrangian  Extrapolation 
Models  (LEM) .   This  approach  too  has  fundamental 
limitations.   Local  data  sets  are  usually  de- 
rived from  a  single  radiosonde  profile  taken 
twice  per  day,  regional  surface  stations, 
satellite  input,  precipitation  sensing  radar, 
and  in  some  cases  local  spotter  networks.   This 
data  set  contains  local  information  not  used  for 
the  larger  scales,  but  it  is  still  firmly  based 
on  devices  and  a  network  density  that  are  designed 
primarily  for  larger-scale  applications. 

If  we  accept  that  providing  more  locally 
specific  user  oriented  weather  services  is  a 
common  goal  and  that  both  approaches  discussed 
above  have  validity,  we  are  in  a  position  to 


start  creating  an  improved  strategy  for  achieving 
our  objective.  There  is  evidence  that  the  meteo- 
rological community  is  starting  to  respond  to 
this  need  (Fritsch  and  Kreitzberg,  1978),  but 
we  have  yet  to  create  a  focused  program  that 
addresses  the  entire  local  scale  weather  ser- 
vice system  design  problem.   In  doing  this,  we 
must  look  at  each  of  the  components  of  a  total 
weather  service  system  and  determine  how  they 
can  best  be  integrated  to  meet  locally  specific 
user  needs.   By  concentrating  on  the  user  scale 
we  are  in  a  sense  entering  a  new  frontier  where 
innovative  design  techniques  can  be  effectively 
used  without  disrupting  the  existing  service 
system.  The  interface  between  the  two  cannot  be 
neglected,  but  the  design  task  is  much  easier  if 
we  can  deal  with  the  internal  workings  of  a 
separate  subsystem,  at  least  in  the  early  stages. 
Later,  local-scale  services  must  complement  the 
existing  services,  bearing  in  mind  that  the 
meteorological  scales  are  intimately  connected. 

In  taking  this  approach  we  uncover  other 
issues  that  must  be  addressed.   Paramount  among 
these  are  the  physical  and  organizational  limita- 
tions to  more  effective  technology  transfer  be- 
tween disciplines  and  from  the  research  community 
to  the  operational  service  elements.   The  record 
of  mesoscale  technology  transfer  and  interdis- 
ciplinary activity  in  the  meteorological  community 
can  be  improved.  Many  discoveries  and  techniques 
that  could  help  the  forecaster  provide  better 
mesoscale  services  are  not  used  for  a  variety  of 
reasons.  A  natural  selection  process  eliminates 
concepts  that  look  good  in  the  research  environ- 
ment but  do  not  effectively  address  an  operational 
need.   However,  useful  discoveries  and  techniques 
are  lost  through  lack  of  a  systematic  mesoscale 
exploratory  development  effort,  the  next  logical 
step  after  research.   Such  development  is  essen- 
tial if  we  are  to  avoid  thrusting  raw  and  un- 
tested research  products  onto  operational  acti- 
vity where  there  is  neither  time  nor  resources 
to  evaluate  them.   To  achieve  this,  the  weeding 
out  process  should  happen  at  an  earlier  stage 
of  the  development  cycle  where  new  research  de- 
vices and  techniques  can  be  combined  into  re- 
search prototype  systems.   It  is  imperative  that 
the  people  involved  in  such  early  exploratory 
development  be  fully  cognizant  of  the  unique 
operational  environment  into  which  new  systems 
will  eventually  be  integrated. 

In  considering  the  need  for  more  effec- 
tive interdisciplinary  work  and  technology  trans- 
fer, we  must  look  at  the  organizational  structure 
of  government  agencies  that  have  the  charter  for 
providing  weather  services.  Attention  to  early 
mesoscale  exploratory  development  is  lacking  in 
present  organizational  structures,  a  shortcoming 
that  must  be  corrected  before  we  can  attempt  to 
implement  a  new  approach  to  the  design  of  local 
weather  services. 

2.        A  NEW  APPROACH 

A  new  NOAA  initiative  called  PROFS 
(Prototype  Regional  Observing  and  Forecasting 
Service)  addresses  the  issue  of  improving  local 
weather  services.   The  program  is  designed  to 
provide  comprehensive  localized,  short-term 
weather  services  that  are  characterized  by  dra- 
matically improved  accuracy  and  timeliness. 


229 

24 


This  service  system  design  will  be  guided  by 
specific  user  requirements  in  a  given  urban 
region  and  it  will  make  optimum  use  of  recent 
advances  in  observing,  data  processing,  communi- 
cations, forecasting,  and  dissemination.   The 
local  system  will  be  designed  to  complement  our 
existing  synoptic- scale  services,  making  ser- 
vices on  all  scales  more  effective  because  of 
stronger  user  orientation.   In  addition,  the 
PROFS  program  calls  for  the  creation  within  NOAA 
of  an  Exploratory  Development  Facility  that 
would  develop  a  research  prototype  service  system 
for  small  scale  applications  and  would  introduce, 
test,  and  integrate  new  research  capabilities 
into  that  system. 


2.1 


phases: 


PROFS-The  Overview 

The  PROFS  program  is  divided  into  three 


Phase  I.    Exploratory  development  of  a  re- 
search prototype  service  system. 

Phase  II.   Development  of  an  engineering  proto- 
type. 

Phase  III.   Operational  implementation. 

Phase  I  has  two  distinct  objectives. 
First,  a  facility  and  associated  staff  dedicated 
to  exploratory  development  will  be  created  with- 
in NOAA.   Second,  a  research  prototype  of  a 
local  weather  service  will  be  designed  and  tested. 
These  two  objectives  are  compatible  and  mutually 
beneficial.   A  primary  function  of  the  new  organi- 
zation will  be  to  use  the  facility  for  producing 
prototype  service  system  designs  for  any  given 
location  and  set  of  requirements.   A  systems 
analysis  of  the  components  of  a  local  weather 
service  will  serve  as  a  guide  in  determining  the 
various  capabilities  required  at  the  facility. 
In  addition,  the  facility  must  have  a  high  level 
of  flexibility;  access  to  the  latest  research 
devices  and  techniques;  and  the  capacity  to 
computer  simulate  different  demographic,  climatic, 
and  economic  conditions. 

This  systems  analysis  will  also  serve 
as  the  first  stage  in  the  design  of  a  prototype 
service.   The  detailed  design  of  the  prototype 
service  will  then  proceed  in  parallel  with  the 
installation  and  checkout  of  the  facility  com- 
ponents. 

Briefly  then,  the  facility  consists  of 
essential  devices,  techniques,  offices,  labs, 
communication  networks,  and  people.   The  proto- 
type service  is,  on  the  other  hand,  created  by 
the  interaction  of  the  components  of  the  faci- 
lity to  produce  a  desired  output. 

Phase  I  will  require  3  years  to  complete. 
The  first  2  years  will  concentrate  on  the  crea- 
tion of  the  facility  and  the  detailed  design  of 
the  prototype  service.   The  third  year  will  be 
devoted  to  demonstrating  the  feasibility  of  the 
prototype  service. 

This  demonstration  will  concentrate  on 
testing  and  integrating  various  observational 
methods,  forecasting  techniques,  and  communi- 
cation systems.   The  actual  service  output  will 


be  limited  to  test  populations  and  will  not  be 
made  available  to  the  general  public. 

During  the  last  year  of  Phase  I,  an 
urban  area  (not  necessarily  the  same  as  the  site 
of  the  development  facility),  will  be  selected 
for  testing  of  a  Phase  II  engineering  prototype 
(fully  engineered  for  operational  application). 
This  engineering  prototype  will  be  designed  on 
the  basis  of  a  careful  user  need  survey,  and  will 
be  an  adaptation  of  the  research  prototype  ser- 
vice.  The  first  level  design  of  the  engineering 
prototype  will  be  produced  at  the  Exploratory 
Development  Facility  through  use  of  the  simula- 
tion capability  and  the  mix  of  observational  and 
forecasting  techniques  that  make  up  the  facility. 
The  engineering  prototype  will  then  be  created 
and  installed  in  an  urban  region  and  the  final 
public  impact  test  will  be  conducted.   This 
Phase  II  system  will  be  operated  by  the  NWS  as 
part  of  their  existing  services,  with  on  site 
assistance  from  the  development  facility  staff. 
This  critical  and  final  test  of  the  service  will 
be  a  primary  objective  of  Phase  II. 

If  the  expected  improvements  are  demon- 
strated during  the  engineering  prototype  tests, 
the  third  and  final  phase  will  begin.   Local 
weather  service  systems  for  other  urban  regions 
will  be  designed,  again  on  the  basis  of  care- 
fully determined  user  needs  in  a  given  area  and 
the  optimum  mix  of  system  elements  to  meet  those 
needs.   These  systems  will  then  be  installed 
and  following  a  checkout  period  will  become 
operational  local  service  components  of  NWS. 


2.2 


Other  Issues 


An  important  feature  of  the  general 
plan  outlined  above  is  that  an  organization  will 
be  created  that  will  foster  and  encourage  inter- 
disciplinary activity  and  help  to  close  the  gap 
between  research  and  operations.   It  is  imperative 
that  this  organization  be  staffed  by  people  who 
represent  a  wide  range  of  disciplines  from  both 
the  research  and  operational  communities.   A 
second  consideration  is  to  insure  that  the 
organization  does  not  develop  its  own  set  of  in- 
ward looking  attitudes;  staff  rotation  back  to 
parent  organizations  will  be  encouraged.   In 
addition,  industrial  fellowships,  research  grants, 
and  interagency  staff  exchange  will  be  used  to 
insure  that  the  private  and  academic  sectors,  and 
other  agencies  all  have  an  impact. 


2.3 


Mesoscale  Forecast  Research 


The  PROFS  facility  will  help  to  revita- 
lize mesoscale  forecasting  research  through  the 
provision,  for  the  first  time,  of  data  sets 
comparable  to  mesoscale  motion.   These  direct 
observations  of  the  smaller  scale  atmospheric 
processes  on  a  continuing  basis  will  first  be 
used  to  create  an  effective  nowcasting  capability. 
The  natural  extension  of  this  capability  will 
be  renewed  research  on  the  development  of  short- 
term  extrapolation  techniques  and  finally  the 
more  difficult  research  area  of  creating  mesoscale 
numerical  models  that  are  continually  updated  by 
the  richer  data  sets. 

This  approach  is  not  meant  to  replace 
present  efforts  to  improve  mesoscale  forecasting 
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by  coming  down  from  the  large  scale,  but  to 
complement  these  efforts  by  starting  on  the  very 
short-range  small  scale  and  then  expanding  the 
efforts  until  they  merge  with  the  larger  meso- 
scale  activity. 


2.4 


Observations 


The  point  has  been  made  that  new  fore- 
casting research  would  be  based  on  a  vastly 
improved  data  set.   Although  the  precise  details 
of  the  Exploratory  Development  Facility's  obser- 
vational component  must  await  completion  of  the 
final  design,  a  brief  description  of  some  of 
the  available  capabilities  will  indicate  its 
potential. 

New  observing  techniques  can  be  divided 
into  the  general  categories  of  in  situ   and 
remote  sensors.  The  latter  can  be  either  ground- 
based,  or  mounted  on  aircraft  or  satellites. 
Through  application  of  microprocessors  and  new 
communication  techniques,  fully  automated  ground 
stations  capable  of  measuring  nearly  all  standard 
meteorological  variables  are  available  at  rela- 
tively low  cost.   New  optical  techniques  have 
also  been  developed  to  monitor  more  difficult- 
to- sense  parameters  such  as  precipitation  types 
at  remote  unmanned  stations. 

Remote  sensors  on  satellites  already 
provide  a  broad  overview  of  cloud  formations, 
and  the  new  GOES  and  TIROS  N  instruments  promise 
quantitative  temperature,  moisture,  and  cloud 
motion  derived  wind  measuring  capabilities  with 
high  horizontal  resolutions.  A  single  ground- 
based  remote  sensor  collects  data  over  a  much 
smaller  area  than  is  covered  by  a  satellite,  but 
it  does  provide  very  high  resolution  quantitative 
data.   The  temperature  and  moisture  profiles 
produced  by  ground- based  radiometers  have  demon- 
strated accuracies  equivalent  to  those  of  the 
radiosonde  and  superior  to  the  low  level  portion 
of  satellite-sensor  derived  profiles.  An  ob- 
serving system  that  combines  the  complementary 
capabilities  of  ground-based  and  satellite- 
derived  temperature  and  moisture  data  could 
produce  these  profiles  continuously  in  near 
real  time.   The  development  of  new  processing 
techniques  that  allow  radar  systems  to  measure 
winds  in  the  clear  air  has  made  it  possible  to 
produce  high  resolution  wind  profiles  to  heights 
well  into  the  stratosphere.   A  system  that  com- 
bines the  temperature  and  humidity  profiles 
derived  from  satellite  and  ground-based  radiometers 
with  the  ground-based  radar-derived  wind  profiles 
could  be  the  forerunner  of  a  fully  automated 
device  that  would  not  only  replace  the  radio- 
sonde, but  would  be  capable  of  producing  atmos- 
pheric profiles  on  an  essentially  continuous, 
real  time,  basis.   The  early  development  of  such 
a  system  is  part  of  Phase  I  of  PROFS  and  it  will 
become  a  major  element  of  the  facility's  ob- 
servational capability. 

The  FM-CW  radar,  another  instrument 
candidate,  can  sense  wind  fields  with  resolution 
that  is  high  enough  to  detect  shear  zones  only 
a  few  meters  deep  along  the  approach  to  an  air- 
port, and  to  detect  the  precise  altitude  of 
temperature  inversions.   Storm  surveillance 
radars  with  full  Doppler  capability  and  special 


cloud-sensing  radar  would  be  available  to  monitor 
in-cloud  motions.  With  the  addition  of  a  clear 
air  capability,  the  storm  surveillance  system 
could  monitor  a  component  of  the  entire  wind 
field  within  perhaps  100  km  of  the  instrument. 
If  we  add  line-of-sight  optical  devices  which 
measure  an  integrated  crosswind  component  over 
paths  many  km  long,  and  sensitive  microbarographs 
capable  of  detecting  the  cold  air  outflow  from 
thunderstorms,  a  very  dense  mesoscale  data  set 
could  be  obtained  to  support  the  mesoscale  re- 
search efforts. 


2.5 


Dissemination 


Many  knowledgeable  people  believe  that 
the  weakest  component  of  present  weather  services 
is  dissemination,  the  critical  final  link  with 
the  user.  They  contend  that  if  we  could  simply 
find  more  effective  ways  of  transmitting  existing 
weather  information  to  the  user,  we  could  make 
a  significant  improvement  in  our  services  without 
changing  our  observing  or  forecasting  methods. 

The  problem  of  dissemination  could  be 
the  most  difficult  to  solve.  We  are  dealing 
with  the  diverse  areas  of  human  behavior,  FCC 
regulations,  the  interface  between  private  and 
public  broadcast  services,  and  almost  incidentally 
the  science  of  meteorology.  Accurate  information 
must  be  provided  in  an  easily  understood  format. 
A  fine  balance  must  be  achieved  between  general 
information  and  that  required  to  elicit  a  rapid 
response  to  warnings  of  danger.   Ways  must  be 
found  to  provide  accurate  warning  information  to 
only  that  segment  of  the  population  that  will 
suffer  from  a  weather-related  disaster;  over- 
warning  is  possible  cause  for  a  loss  of  credibi- 
lity. Furthermore,  the  information  must  be 
communicated  effectively. 

It  is  in  this  area,  perhaps  more  than 
any  other,  that  government  weather  services  have 
much  to  learn  from  the  private  sector.  The  much 
maligned  T.V.  weatherman  and  the  disk  jockey 
who  "rips  and  reads"  may  not  understand  all  of 
the  subtleties  of  atmospheric  dynamics,  but  the 
majority  know  how  to  communicate.   If  their 
message  doesn't  get  through,  they  stand  to  lose 
their  job. 

The  PROFS  program  is  sensitive  to  the 
problem  of  achieving  the  best  interface  between 
the  private  and  public  meteorological  sectors 
without  infringing  on  the  legitimate  concerns  of 
either  group.  The  dissemination  component  of  a 
local  weather  service  is  a  logical  interface. 
But  we  must  review  who  should  have  the  ultimate 
responsibility  for  providing  warnings,  whether 
that  responsibility  can,  or  should  be  delegated, 
and  how  quality  control  of  weather  services  can 
be  achieved  when  several  different  groups  are 
active  in  the  same  region. 

3.        THE  PROFS  SCENARIO 

To  demonstrate  how  a  truly  local, 
user-oriented  weather  service  might  operate  let 
us  consider  the  following  scenario. 

Assume  that  we  have  an  observational 
component  capable  of  providing  an  exact,  high- 
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resolution  representation  of  all  important  meteo- 
rological elements  in  near  real  time.  Assume 
further  that  the  dissemination  component  is 
capable  of  continually  presenting  all  relevant 
weather  information  to  the  total  population  of 
an  urban  area,  and  that  any  desired  smaller 
segment  of  that  population  can  be  warned  selec- 
tively. For  an  optimum  local  service,  the  fore- 
caster must  be  able  to  react  rapidly.  He  must 
be  able  to  monitor  continually  the  evolving 
weather  patterns  and  to  update  or  modify  the 
forecast  rapidly.  Similarly,  he  must  be  able 
to  get  updated  numerical  guidance  (4- dimensional, 
mesoscale)  for  periods  up  to  12  hours.  Such 
capabilities,  only  available  now  to  a  limited 
extent  (radar,  satellite),  should  be  part  of  the 
local  scale  PROFS  system. 

The  following  might  then  occur.  Assume 
that  the  12-24  hour  guidance  forecast  includes 
the  possibility  of  severe  thunderstorms.  The 
local  forecaster,  alerted  by  the  NMC  and  NSSFC 
outputs,  would  be  ready  to  employ  the  local 
service  capability  for  the  0-12  hour  time  frame. 
The  first  public  forecast  might  simply  note  the 
possibility  of  the  severe  storm  conditions  over 
a  broad  region,  much  like  present  forecasts. 
The  high  resolution  numerical  model  would  then 
produce  3-12  hour  predictions  narrowing  the 
possible  region  of  severe  storm  activity.  As 
much  as  12  hours  before  the  event,  a  "watch" 
area  covering  perhaps  several  counties  could  be 
shown  on  a  dedicated  T.V.  weather  channel  with 
parallel  broadcasts  over  NOAA  radio  and  commer- 
cial outlets,  alerting  the  populace  and  telling 
them  to  monitor  the  weather  channel  occasionally 
for  updated  information. 

As  the  forecast  time  is  reduced  within 
3-6  hours  of  the  event,  the  mesoscale  model  would 
produce  more  refined  predictions  of  the  time 
and  location  of  severe  storm  activity.  This 
information  could  be  combined  with  real  time 
Doppler  radar  data  of  wind  fields,  clouds,  and 
precipitation,  plus  ground  based  and  satellite 
radiometric  data  on  moisture  and  temperature 
patterns,  a  relatively  dense  array  of  remote 
in  situ   surface  observations,  and  information 
from  conventional  sources  such  as  storm  spotters. 
Animated  displays  of  the  predicted  storm  motion 
and  severity  over  a  smaller  watch  area  could 
be  produced  and  disseminated. 

At  less  than  3  hours  before  the  event, 
the  numerical  model  would  cease  being  a  central 
part  of  the  forecast  procedure.  During  this 
shorter  time  frame,  the  forecaster  would  rely 
on  near  real  time  observations  and  sophisticated 
extrapolation  techniques  that  are  preprogrammed 
and  available  for  immediate  call-up  from  a  mini- 
computer. As  the  storms  develop,  the  watch  area 
could  be  further  narrowed  to  a  highly  specific 
warning  area. 

The  forecaster  would  now  be  almost 
completely  dependent  on  his  observation  network, 
aided  by  rapid  data  processing  techniques. 
Assume  that  during  this  time  the  Doppler  radar 
detects  the  first  in- cloud  motions  known  to  be 
associated  with  tornadoes.  The  forecaster  could 
continuously  monitor  and  extrapolate  these  fea- 
tures, eventually  making  a  prediction  of  a 


possible  tornado  touchdown.  With  the  aid  of  his 
computer  and  a  highly  specific  dissemination  net- 
work, he  could  activate  a  system  that  would  alert 
just  the  people  in  the  potential  path  of  the 
tornado  several  minutes  to  one-half  hour  or 
more  before  the  tornado  touches  down. 

This  example  demonstrates  the  different 
operational  forecasting  philosophy  that  must  be 
adopted  for  an  effective  short-range  local  ser- 
vice. Events  occur  rapidly,  so  the  forecaster 
must  be  supported  with  a  high  level  of  automation 
and  accurate  high  resolution  data.  He  can  update 
or  modify  his  predictions  right  up  to  the  time 
of  the  event  and  these  changes  would  be  dissemi- 
nated quickly,  avoiding  the  situation  in  which 
outdated  information  confuses  the  user.  The 
accuracy  and  precision  of  the  forecast  would 
increase  as  the  time  before  the  event  became  less. 
The  implications  for  improved  credibility  are 
obvious.  Forecasts  would  be  viewed  as  highly 
accurate,  because  they  would  be  continually 
updated  and  refined  until  the  verification  time. 

4.        PRE-PROFS  EXPERIMENT 

As  with  all  initiatives  the  time  lag 
between  germination  of  the  idea  and  the  final 
approval  of  funding  is  painfully  long.  Even 
if  the  program  is  approved  and  funded  for  an 
FY-80  start,  full  operational  impact  will  not 
occur  until  the  latter  part  of  Phase  II,  7  or  8 
years  after  the  work  starts.  This  wait  is 
especially  frustrating  to  those  operational 
personnel  who  are  continually  asked  to  provide 
more  and  better  service  with  decreasing  resources. 
These  people  see  developments  taking  place  in  the 
research  community  and  are  justifiably  concerned 
that  it  takes  so  long  for  new  technology,  which 
could  help  in  meeting  the  demands  for  their 
services,  to  reach  the  operational  arena. 

As  a  partial  solution,  a  preliminary 
experiment  is  now  being  planned  for  the  Denver 
region.   It  will  involve  local  research  organiza- 
tions and  local  operational  forecast  groups 
(hopefully,  both  government  and  private).   The 
exercise  will  be  patterned  after  the  highly 
successful  CRAB  experiment  that  has  been  conducted 
for  several  summers  in  the  Chesapeake  Bay  area. 
It  will  differ  in  that  the  large  number  of  ad- 
vanced research  techniques  and  devices  that  are 
under  development  in  the  Denver-Boulder  area 
such  as  two-channel  radiometers,  continuous  wind 
profilers,  and  chinook  wind  models,  will  be 
applied  to  the  local  service  problem.  These  ad- 
vanced systems  will  be  interfaced  directly  with 
the  Denver  forecast  office  and  used  by  the 
meteorologists  in  their  daily  operations.  Re- 
sources for  this  experiment  will  come  from  indi- 
vidual groups  that  wish  to  participate,  and  success 
will  depend,  to  a  large  extent,  on  a  spirit  of 
cooperation. 

Close  relationship  with  the  Denver 
office  is  expected  to  continue  throughout  the 
PROFS  program.   In  this  way,  research  subsystems 
still  under  development  can  be  tested  in  actual 
operations  before  the  total  system  design  is 
complete. 
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5.        SUMMARY 

The  PROFS  program  addresses  the  need 
for  developing  an  effective  local-scale,  short- 
range  weather  service  in  the  nation's  urban 
regions.   It  applies  a  user-oriented,  systems 
engineering  approach  to  the  creation  of  such  a 
service.  The  PROFS  concept  also  recognizes 
certain  organization  and  communication  improve- 
ments within  NOAA  that  must  be  achieved  before 
the  program  can  be  fully  effective.  These  will 
foster  and  encourage  interdisciplinary  activities 
and  the  transfer  of  new  technology  from  research 
to  operations.  A  basic  feature  of  the  PROFS 
program  is  the  creation  of  an  Exploratory 
Development  Facility,  which  would  provide  the 
needed  organizational  focus. 

The  PROFS  concept  recognizes  that  a 
major  portion  of  the  technology  necessary  for 
creating  effective  local-scale  weather  services 
for  the  cities  of  the  nation  exists  in  separate 
disciplines,  in  both  research  and  operational 
organizations.   The  missing  element  is  a  coordi- 
nated effort  to  bring  these  separate  technologies 
together  into  a  blanced,  user-oriented  system 
which  is  neither  technology-driven  nor  user- 
dominated.  PROFS  would  provide  this  missing 
effort. 
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Advances  in  Atmospheric  Acoustics 

Edmund  H.  Brown  and  Freeman  F.  Hall,  Jr. 

NOAA/ERL  Wave  Propagation  Laboratory,  Boulder,  Colorado  80302 

We  give  a  detailed  review  of  developments  in  atmospheric  acoustics  of  the  last  decade.  These  develop- 
ments include  new  ways  to  use  refractive  effects,  studies  of  phase  and  amplitude  fluctuations  during 
propagation  of  sound  along  a  path,  nonlinear  effects  near  high-powered  acoustic  antennas,  problems 
related  to  noise,  insights  into  large-scale  atmospheric  processes  gained  from  infrasound,  applications 
dependent  on  the  Doppler  frequency  shift,  and  hybrid  devices  using  both  acoustic  and  electromagnetic 
waves.  The  introduction  of  the  cchosonde  approximately  10  years  ago  results  in  the  considerable  emphasis 
given  to  advances  in  active  acoustic  remote  sensing  of  atmospheric  structure. 
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Introduction 

The  decade  previous  to  this  review  has  seen  impressive 
contributions  to  science  through  the  newly  expanding  study 
and  use  of  sound  waves  in  the  atmosphere.  This  reawakening 
of  interest  in  acoustics  for  atmospheric  geophysical  research 
was  stimulated  in  great  part  by  McAllister's  [1968]  invention 
of  the  echosonde. 

In  the  Iliad  of  Homer,  'echo'  meant  simply  'sound,'  as  the 
sound  of  spears  striking  shields  in  battle.  After  half  a  millen- 
nium, echo  acquired  the  additional  meaning  of 'resound'  and, 
later  still,  the  meaning  that  we  continue  to  use  today,  sound 
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repeated  by  scattering  or  reflection.  In  Ovid's  Metamorphoses 
the  nymph  Echo  personified  the  latter  meaning.  Echo  could 
speak  only  by  repeating  the  words  of  others.  Derham  [1708] 
used  echo  in  the  word  'echometry,'  the  application  of  acoustics 
to  range-finding.  'Sonde'  refers  to  one  of  the  some  dozen 
definitions  of  the  root  word  'sound'  not  identified  with  acous- 
tic vibrations  and  has  the  exact  meaning  of 'a  remote  sensing 
device.'  So  the  name  'echosonde'  accurately  depicts  the  phys- 
ical process  underlying  the  operation  of  an  acoustic  sounder, 
the  use  of  echoes  for  remote  sensing. 

The  introduction  of  the  echosonde  has  been  followed  by 
many  other  advances  in  atmospheric  acoustics.  We  consider 
here  all  of  those  developments  following  a  brief  review  of  their 
historic  roots.  The  echosonde  itself  will  be  seen  to  play  a  major 
role  throughout  the  10-year  period. 

Modern  atmospheric  acoustics  has  a  dual  character.  First,  it 
is  that  part  of  the  science  concerned  with  the  effects  on  sound 
of  the  vagaries  and  inhomogeneities  of  the  earth's  atmosphere 
(as  opposed  to  a  sample  of  the  same  gases  confined  to  a 
laboratory  vessel).  Figure  I  gives  an  example  of  such  effects, 
the  random  deformation  of  plane  wave  phase  fronts  and  their 
amplitudes  (indicated  by  the  thickness)  as  they  propagate 
through  atmospheric  fluctuations.  Second,  atmospheric  acous- 
tics is  the  application  of  sound  to  atmospheric  research  and 
man's  weather-dependent  activities. 

Greek  science  considered  mainly  the  musical  aspects  of 
acoustics,  and  this  emphasis  continued  with  the  acoustical 
research  of  Galileo,  Mersenne,  Sauveur,  and  others  during  the 
rebirth  of  science  in  the  seventeenth  century.  The  early  out- 
door measurements  of  the  speed  of  sound  used  the  free  atmo- 
sphere but  only  to  obtain  long  path  lengths.  (Note  that  much 
of  the  early  work  briefly  mentioned  here  has  become  relatively 
inaccessible  in  original  form.  However,  descriptions  of  most  of 
the  results  appear  in  Rayleigh's  [1877]  The  Theory  of  Sound  or 
A.  Wood's  [1946]  Acoustics.  And  references  to  the  research 
appear  in  Lindsay's  'Historical  Introduction'  to  the  1945 
American  edition  of  Rayleigh's  book,  in  the  review  by  Ingard 
[1953],  in  the  'Historical  Introduction'  to  the  monograph  of 
Skudrzyk  [1971],  and  in  Acoust'^s:  Historical  and  Physical 
Development  by  Lindsay  [1973].) 

An  English  clergyman  named  Derham  apparently  initiated 
the  field  of  atmospheric  acoustics  in  1704.  In  response  to  a 
letter  claiming  greater  audibility  of  sound  in  England  than  in 
Italy,  Derham  and  an  Italian  acquaintance,  Averrani,  con- 
ducted experiments  in  England  and  Italy  which  showed  that 
after  a  proper  accounting  for  the  effects  of  wind,  sound  propa- 
gation did  not  differ  in  the  two  countries.  However,  the  first 
sustained  development  of  atmospheric  acoustics  did  not  begin 
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Fig.  1.  Distortion  of  a  plane  wave  propagating  through  turbu- 
lence. Heavy  curves  denote  phase  fronts.  Amplitudes  are  indicated  by 
the  thickness  of  the  fronts.  Fluctuations  are  exaggerated  for  easier 
visibility.  (From  Brown  and  Keeler  [1975].) 


until  the  last  half  of  the  nineteenth  century.  During  this  period, 
Reynolds  [1876]  studied  atmospheric  temperature  profiles  and 
their  effects  on  the  refraction  of  sound.  Stokes  [1857]  briefly 
considered  the  refractive  effects  of  winds  and  wind  profiles, 
and  Tyndall  [1874]  investigated  the  scattering  of  sound  by 
atmospheric  fluctuations  both  in  the  laboratory  and  over  the 
sea.  Using  the  siren  developed  by  Brown  and  reported  by 
Henry  [1874]  fitted  with  a  huge  horn  for  impedance  matching 
(Figure  2),  Tyndall  explained  the  scattering  of  sound  by  an 
apparently  still,  clear  atmosphere  noted  earlier  by  Derham 
[1708].  Tyndall  showed  in  a  laboratory  demonstration  that  the 
scattering  resulted  mainly  from  temperature  fluctuations,  in- 
cidentally disproving  Derham's  assertion  that  mists  and  fog 
necessarily  inhibit  sound  propagation.  However,  other  re- 
searchers, such  as  Henry  [1874]  and,  to  some  extent,  even 
Rayleigh  [1877],  did  not  accept  Tyndall's  results  and  instead 
tended  to  ascribe  the  observed  effects  to  refraction.  In  con- 


sequence, interest  in  the  atmospheric  scattering  of  sound  re- 
mained negligible  for  nearly  a  century. 

Most  of  the  turbulence-dependent  processes  in  the  earth's 
atmosphere  take  place  in  the  lowest  10-20  km,  called  the 
'troposphere,'  a  layer  ending  in  a  temperature  minimum  at  the 
'tropopause.'  By  balloon  measurements,  Teisserenc  de  Bon 
[1902]  discovered  an  'isothermal'  layer,  the  'stratosphere,'  ly- 
ing just  above  the  troposphere.  At  about  the  same  time,  ob- 
servers such  as  van  den  Borne  [1910]  noticed  the  anomalous 
propagation  of  sound:  audibility  of  an  explosion  within  a 
circle  of  about  100-km  radius,  surrounded  by  a  ring-shaped 
'dead  zone'  of  silence  about  another  100  km  wide,  followed  by 
a  return  of  audibility  at  greater  distances.  Emden  [1916]  devel- 
oped a  theory  of  refraction  that  could  explain  such  anomalous 
propagation  if  a  temperature  inversion,  that  is,  increasing 
temperature  with  height,  existed  at  some  altitude.  Schrodinger 
[1917]  showed  that  even  though  negligible  dispersion  exists  at 
audible  frequencies  the  strong  frequency  dependence  of  the 
attenuation  of  sound  implies  that  lower-frequency  sound  can 
refract  back  to  earth  with  detectable  intensity  from  a  greater 
altitude  than  can  a  higher-frequency  sound. 

Observations  of  meteor  trails  proved  that  the  upper  part  of 
the  stratosphere  did  indeed  have  an  increasing  temperature,  a 
rise  to  a  maximum  at  about  50  km,  the  'stratopause,'  caused 
by  absorption  of  solar  radiation  by  atmospheric  ozone. 
Whipple  [1923]  used  this  evidence  as  a  basis  for  a  description 
of  the  anomalous  propagation  of  sound  by  refraction  caused 
by  the  temperature  inversion  in  the  upper  stratosphere.  Barton 
[1901]  continued  the  approach  of  Stokes  [1857]  (which  was 
little  more  than  a  suggestion)  and  confirmed  that  in  the  pres- 
ence of  winds,  zones  of  audibility  or  inaudibility  would  lose 
their  symmetric  form.  In  following  years,  organizations  inter- 
ested in  atmospheric  research  carried  out  numerous  programs 
on  the  anomalous  propagation  of  sound  from  explosions,  such 
as  the  experiment  performed  by  the  International  Commission 
for  the  Investigation  of  the  Upper  Atmosphere,  reported  by 
Duckert  el  al.  [1934],  or  the  Helgoland  explosion  described  by 


Fig.  2.     Tyndall's  apparatus  for  studying  sound  propagation  in  the  atmosphere  [from  Tyndall,  1875]. 
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E.  F.  Cox  [1949a,  b].  During  many  tests,  observers  such  as 
Gowan  [1929]  noted  hitherto  unrecognized  very  low  frequency 
sound  waves,  now  called  'infrasound.'  Subsequently,  Guten- 
berg [1938]  began  extensive  investigations  into  the  sources  and 
propagation  of  such  infrasonic  waves.  A  later  section  will 
sketch  more  modern  developments  in  the  detection  of  in- 
frasound and  applications  to  mesoscale  atmospheric  research. 
For  refraction  the  report  of  Frank,  Bergmann,  and  Yaspan 
reprinted  in  the  collection  of  Lindsay  [1974]  gives  an  excellent 
description  of  ray  theory.  The  annotated  bibliography  of  Wes- 
cott  and  Kushner  [1965]  provides  a  comprehensive  survey  of 
the  literature  to  that  date. 

Although  zones  of  silence  indicate  a  rise  in  temperature 
above  the  tropopause,  this  phenomenon  provides  good  quan- 
titative information  on  the  temperature  profile  only  with  diffi- 
culty. Because  of  low  atmospheric  densities  above  30  km, 
research  balloons  cannot  fly  very  much  higher.  However,  an 
acoustic  technique  using  rocket  grenades,  developed  at  the 
White  Sands  missile  range  by  Stroud  el  at.  [1956],  gives  mea- 
surements not  only  of  temperature  but  also  of  wind  in  the 
upper  atmosphere  to  heights  of  80  km.  Researchers  used  the 
method  at  several  different  locations  during  the  International 
Geophysical  Year  (1956-1957)  to  obtain  temperature  (by 
time-of-transmission  measurements)  and  winds  (by  angle-of- 
arrival  measurements)  before  the  rocketsonde  network 
method  superseded  the  technique.  Nordberg  and  Stroud  [1961] 
give  a  summary  of  the  rocket  grenade  results. 

The  gradual  introduction  of  turbulence  theory  to  studies  of 
the  small-scale  dynamic  structure  of  the  atmosphere  by  Taylor 
[1915]  and  others  revived  interest  in  the  scattering  of  sound  by 
what  Tyndall  [1874]  had  called  'flocculence.'  In  1941,  the  same 
year  that  Kolmogorov  [1941]  and  Obukhov  [1941]  had  obtained 
the 'Jlaw'  for  inertial  range  turbulence,  Obukhov  [1941]  related 
the  acoustic  scattering  cross  section  to  a  general  expression  for 
the  spectral  density  of  turbulent  kinetic  energy.  Obukhov's 
derivation  neglected  the  fact  that  the  gradient  of  the  acoustic 
refractivity,  as  well  as  the  acoustic  refractivity  itself,  appears  in 
the  'source  term'  of  the  inhomogeneous  wave  equation.  How- 
ever, his  analysis  represents  the  first  attempt  at  a  quantitative 
explanation  of  sound  scattering  by  the  atmosphere.  In  the  case 
of  'smooth'  (i.e.,  nonturbulent)  atmospheres,  Bergmann 
[1946a]  showed  that  the  presence  of  the  static  density  gradient 
produces  dispersion  in  the  propagation  of  sound,  that  is,  a 
dependence  of  the  phase  velocity  on  the  frequency.  In  the  same 
year,  Bergmann  [19466]  began  the  study  of  scattering  from  the 
point  of  view  of  correlation  functions. 

For  the  turbulent  atmosphere,  Blokhintzev  [1946]  in- 
troduced the  assumption  that  only  wave  numbers  in  the  iner- 
tial range  of  turbulence  affect  the  propagation  of  audible  and 
high-frequency  sound,  thus  permitting  the  use  of  the  Kol- 
mogorov spectrum  in  the  scattering  cross  section.  Kraichnan 
[1953]  and  Lighthill  [1953]  simultaneously  found  the  correct 
form  of  the  velocity-dependent  part  of  the  scattering  cross 
section  in  1953.  Four  years  later,  Batchelor  [1957]  obtained  the 
scattering  cross  sections  used  today,  both  the  same  velocity- 
dependent  part  found  by  Kraichnan  and  Lighthill  and  the  part 
dependent  on  the  spectral  density  of  fluctuations  of  a  passive 
additive  such  as  acoustic  velocity  or  temperature.  Although 
Batchelor  did  not  express  the  total  cross  section  as  the  sum  of 
the  velocity-dependent  and  temperature-dependent  parts,  such 
a  summation  is  implicit,  since  the  cross  section  represents  a 
normalized  energy  flow  and  thus  partial  cross  sections  are 
additive. 

Evidently  unaware  of  the  earlier  work,  Tatarskii  [1961]  ob- 


tained the  total  scattering  cross  section  expressed  as  the  sum  of 
a  velocity-dependent  part  and  a  temperature-dependent  part. 
Unfortunately,  the  derivation  followed  Obukhov  in  neglecting 
gradients  and  thus  omitted  a  factor  cos2  0  dependent  on  the 
scattering  angle  6.  The  striking  divergence  in  scattering  angle 
dependence  near  90°  between  Tatarskii's  theoretical  ex- 
pression and  the  extensive  experimental  results  of  Kallistratova 
[1959a,  b]  first  prompted  Kallistratova  and  Tatarskii  [I960] 
and  then  Monin  [1962]  to  reexamine  the  derivation.  Monin's 
analysis  obtained  the  same  results  found  earlier  by  Batchelor 
and  again  expressed  the  total  cross  section  as  the  sum  of  a 
velocity-dependent  part  and  a  temperature-dependent  part.  In 
his  monograph  on  wave  propagation  in  turbulent  atmospheres 
and  in  its  revision,  Tatarskii  [1961,  1971]  collected  a  wealth  of 
results,  many  from  his  previous  papers,  on  the  propagation 
and  scattering  of  light  and  high-frequency  sound.  These  results 
included  amplitude  and  phase  structure  functions,  two-dimen- 
sional spatial  spectra  of  amplitude  and  phase  for  planes  per- 
pendicular to  the  propagation  path,  and  the  frequency  spec- 
trum of  the  amplitude  fluctuations  in  a  continuous  wave 
propagating  through  turbulence  convected  by  a  mean  cross- 
wind. 

The  sharing  of  one  common  arena,  the  atmosphere,  places 
atmospheric  acoustics  in  close  contact  with  several  other  dis- 
ciplines, particularly  tropospheric  radio  propagation  and  opti- 
cal, or  laser,  propagation.  In  pursuit  of  the  cause  of  signal 
fading  on  so-called  'troposcatter'  transhorizon  microwave 
paths,  Gilman  et  al.  [1946]  built  a  precursor  of  the  echosonde, 
a  device  acting  like  an  'acoustic  radar'  which  they  named  the 
'sodar'  (for  sonic  detection  and  ranging).  In  the  sodar  a  loud- 
speaker transmitted  sound  pulses  upward  into  the  atmosphere, 
a  microphone  received  scattered  or  reflected  waves,  and  after 
filtering  and  detection  a  motion  picture  camera  recorded  the 
display  of  the  received  signal  on  an  oscilloscope.  Because  of 
the  poor  antenna  beam  pattern,  ground  clutter  required  opera- 
tion at  the  relatively  high  carrier  frequency  of  4  kHz.  Since 
absorptivity  increases  approximately  as  the  square  of  the  fre- 
quency, attenuation  limited  the  range  of  a  sodar  to  a  little  over 
100  m.  Although  the  recording  procedure  allowed  no  pulse-to- 
pulse  integration  or  averaging,  the  authors  observed  scattered 
signals,  especially  from  low-level  inversions,  and  found  corre- 
lations between  radio  signal  fading  and  inversions.  Since  a 
calculation  showed  that  even  in  a  strong  inversion  the  gradient 
could  not  account  for  the  strength  of  the  returned  signal,  the 
authors  ascribed  the  scattering  of  the  sound  to  some  unknown 
inhomogeneities  or  turbulence  in  the  atmosphere. 

Pursuit  of  the  same  problem,  understanding  troposcatter 
radio  propagation,  induced  McAllister  [1968]  to  return  to  the 
earlier  concept  of  the  sodar  but  with  three  major  changes:  a 
vastly  improved  transmitting  antenna  permitting  operation 
just  below  1000  Hz  and  at  ranges  up  to  1.5  km;  use  of  the 
transmitting  antenna  itself  (with  a  transmit-receive  switching 
circuit)  for  the  receiver;  and  perhaps  most  important,  use  of 
the  facsimile  recorder,  adopted  from  sonar,  for  the  received 
signal.  (Echo  sounding  and  echo  sounders  for  use  in  the  ocean 
date  from  1924.)  In  the  facsimile  recorder,  each  pulse  produces 
a  vertical  trace  whose  darkness  varies  with  the  received  signal 
strength  from  a  particular  height  in  the  atmosphere,  a  height 
proportional  to  the  ordinate  on  the  chart.  Since  the  traces 
from  successive  pulses  are  closely  spaced  along  the  abscissa, 
the  eye  can  easily  integrate  corresponding  features  and  detect 
the  evolution  of  atmospheric  structure  with  time.  With  his  new 
instrument,  which  he  preferred  to  call  an  'acoustic  sounder,' 
McAllister  obtained  very  clear  pictures  of  inversions,  includ- 
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ing  one  showing  the  striking  presence  of  internal  waves  ('grav- 
ity waves').  Following  Gilman  et  al.,  McAllister  attributed  the 
scattering  of  the  sound  waves  to  'temperature  discontinuities' 
or  atmospheric  inhomogeneities. 

During  this  period,  Little  had  initiated  a  program  at  the 
Wave  Propagation  Laboratory  of  the  National  Oceanic  and 
Atmospheric  Administration  for  the  study  of  optical  propaga- 
tion and  remote  sensing  of  the  atmosphere  by  means  of  laser 
beams.  The  program  resulted  in  a  new  acquaintance  with  the 
work  of  the  Russian  school,  particularly  the  monograph  of 
Tatarskii  [1961]  and  the  related  acoustic  studies  of  Kallislra- 
tova  [1961]  and  Monin  [1962].  Consequently,  Little  could  com- 
municate details  of  the  Russian  work  on  scattering  of  waves  by 
turbulence  during  a  visit  to  Australia  during  the  same  year  that 
McAllister's  short  paper  was  published. 

The  following  year  saw  the  appearance  of  a  pair  of  coordi- 
nated papers  by  Little  [1969]  and  McAllister  et  al.  [1969]. 
Using  turbulent  scattering  theory.  Little  for  the  first  time 
obtained  quantitative  estimates  of  the  received  signal  strength, 
estimates  in  good  agreement  with  later  experimental  results. 
Little  also  compared  several  remote  sensing  methods  in  addi- 
tion to  the  echosonde,  such  as  passive  sensing  of  natural 
atmospheric  sounds,  measurement  of  acoustic  propagation 
over  a  path,  and  the  use  of  electromagnetic  waves;  for  ex- 
ample, the  study  showed  that  the  strength  of  the  scattering 
interaction  with  turbulence  for  acoustic  waves  exceeds  the 
strength  for  electromagnetic  waves  by  a  factor  of  about  106.  In 
the  same  paper,  Little  suggested  elaborations  of  echosonde 
techniques  that  in  addition  to  the  display  of  atmospheric  struc- 
ture would  give  vertical  profiles  of  winds  (by  using  the  Doppler 
effect),  three-dimensional  spectra  of  temperature  and  wind 
fluctuations,  and  vertical  profiles  of  humidity  (by  using  a  mul- 
tifrequency  system ).  Later  research  has  followed  up  all  of  these 
suggestions.  The  companion  paper  of  McAllister  et  al.  [1969] 
gave  a  more  complete  description  of  the  experimental  condi- 
tions (including  correlation  of  the  results  with  observations 
from  a  meteorological  tower),  adopted  turbulent  scattering  as 
the  likely  mechanism  for  production  of  the  return  signals,  and 
showed  a  beautiful  set  of  facsimile  recordings  of  various  atmo- 
spheric structures,  such  as  thermal  plumes,  inversions,  in- 
version growth  and  decay,  internal  waves,  and  breaking  waves 
(Figure  3  reproduces  one  of  these  records.) 

This  detailed  review  of  developments  in  atmospheric  acous- 
tics of  the  last  decade  includes  new  ways  to  use  refraction. 


studies  of  phase  and  amplitude  fluctuations  during  propaga- 
tion of  sound  along  a  path,  insights  into  larger-scale  atmo- 
spheric processes  gained  from  infrasound,  nonlinear  effects 
near  high-powered  acoustic  antennas,  problems  related  to 
noise,  applications  dependent  on  the  Doppler  effect,  and  hy- 
brid devices  using  both  acoustic  and  electromagnetic  waves. 
The  echosonde  takes  a  major  share  because  of  its  importance 
in  applications  and  its  influence  on  other  aspects  of  atmo- 
spheric acoustics.  However,  the  development  of  the  echosonde 
has  reached  a  crucial  turning  point.  The  form  of  the  in- 
strument producing  only  displays  of  turbulent  structures  limits 
the  results  to,  at  best,  semiquantitative  information.  But  seri- 
ous atmospheric  research  requires  incorporation  of  com- 
ponents that  will  provide  direct  quantitative  data  on  temper- 
ature and  velocity  fluctuation  strengths  and  on  Doppler- 
measured  wind  speeds.  The  next  few  years  will  tell  whether  the 
instrument  can  meet  these  needs. 

The  Atmosphere 

The  Quiet  A  tmosphere 

In  a  sense  the  'quiet  atmosphere'  is  a  statistical  artifact,  since 
the  air  in  the  earth's  atmosphere  is  never  quite  still.  As  an 
illustration,  suppose  that  a  bare-armed  picnicker  can  just  de- 
tect a  wind  speed  of  U  =  1  m  s  '  on  a  sunny  late  afternoon. 
Instead  of  the  height  of  the  'boundary  layer'  (the  lowest  few 
hundred  to  few  thousand  meters  of  the  atmosphere  influenced 
by  wind  shear  and  heat  flow  at  the  surface),  which  determines 
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Fig.  5.     Temperature  profiles  in  the  boundary  layer  (in  degrees  Celsius),  (a)  Daytime  convective  profiles  (from  Hall  el  ai, 
1975].  (b)  Nighttime  inversion  profiles  [from  Emmanuel  el  ai,  1972].  Note  the  differences  between  the  scales. 


the  turbulence  at  all  scales,  choose  the  height  of  the  picnicker 
(say,  L  -  180  cm)  as  the  largest  relevant  scale.  Then,  with  a 
nominal  value  of  the  kinematic  viscosity  of  v  =  0.15  cm2  s'\ 
the  apparent  Reynolds  number  of  the  flow  becomes  Re  =  UL/ 
v  *  1200,  a  number  twice  as  large  as  that  which  usually 
indicates  the  onset  of  turbulence  in  a  boundary  layer  without 
pressure  gradients.  But  for  large  experimental  scales  and  espe- 
cially for  long  wavelengths  the  concept  of  a  smooth,  mean 
atmosphere  possessing  certain  agreed-on  average  properties 
remains  a  useful  tool. 

Even  at  sea  level  the  atmosphere  behaves  like  a  perfect  gas 
to  a  high  degree  of  approximation.  And  throughout  the  tropo- 
sphere and  stratosphere  the  dry  atmosphere  retains  a  constant 
molecular  composition,  having  an  average  molecular  weight  of 
m  =  28.97  g  mol"'.  Since  air  obeys  the  perfect  gas  \aw  p„  =  (/?/ 
m)p0T0,  measurement  of  the  static  pressure  p„  (in  millibars) 
and  the  absolute  temperature  T0  (in  kelvins)  immediately  fur- 
nishes the  static  density  p0,  the  equilibrium  sound  speed  c„  = 
20.05(iT0)l/J  in  meters  per  second,  and  the  acoustic  impedance 
p0c0.  Figure  4,  from  Cook  [1962],  shows  accepted  standard 
values  of  T0  and  c0  as  functions  of  altitude  up  to  the  tropo- 
pause.  Unfortunately,  such  a  standard  atmosphere  does  not 
give  a  very  good  picture  of  the  variability  of  the  temperature 
gradient  from  night  to  day,  particularly  in  the  first  few  hun- 
dred to  some  thousand  meters  above  the  ground  (the  bound- 
ary layer).  In  particular,  'inversions'  caused  by  rapid  radiation 
cooling  of  the  ground  at  night  with  a  consequent  increase 
(rather  than  the  usual  daytime  decrease)  in  the  temperature  of 
the  air  with  altitude  changes  the  character  of  acoustic  propaga- 
tion. Uncertainty  of  temperature  profiles  and  wind  is  the  main 
cause  for  error  in  sound  ranging,  such  as  ranging  against 
enemy  artillery  [Trowbridge,  1920;  Golden,  1961]. 

Inversions  are  more  precisely  defined  in  terms  of  the  grad- 


ient in  the  'potential  temperature'  0o  rather  than  the  absolute 
temperature  7"0  (0O  is  the  temperature  that  a  parcel  of  air  would 
assume  if  it  were  brought  adiabatically  to  the  pressure  at  sea 
level).  For  a  perfect  gas,  80  =  T0  +  (g/cp)z,  where  g  is  the 
acceleration  of  gravity,  cp  the  specific  heat  at  constant  pres- 
sure, and  z  the  height  above  the  ground.  For  z  measured  in 
kilometers,  g/cp  has  the  value  9.8  K  km"1.  The  usefulness  of  80 
lies  in  the  fact  that  gradients  in  0„  imply  upward  or  downward 
transfers  of  heat  and  also  indicate  whether  a  parcel  of  air  is 
'stable'  or  'unstable,'  that  is,  whether  an  accidental  dis- 
placement of  the  parcel  will  result  in  either  a  restoring  motion 
or  an  increasing  change.  Thus  in  discussing  states  of  the  atmo- 
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sphere,  60  is  the  relevant  quantity;  in  discussing  acoustic  prop- 
agation, in  which  the  speed  of  sound  depends  on  the  actual 
temperature,  T0  remains  the  important  variable.  Figure  5 
shows  typical  daytime  and  nighttime  temperature  profiles.  The 
strongest  known  inversion,  reaching  a  value  of  30  K  in  100  m, 
occurred  at  the  south  pole  during  an  austral  winter  [Neffand 
Hall,  1976a,  b]. 

The  Turbulent  A  tmosphere 

As  was  suggested  above,  the  distinction  between  a  smooth, 
refracting  atmosphere  and  a  turbulent,  scattering  atmosphere 
lies  partially  in  the  application  at  hand,  whether  the  propagat- 
ing sound  has  a  long  wavelength  or  a  short  wavelength.  And 
because  of  the  frequency  dependence  of  attenuation  this  dis- 
tinction also  affects  the  path  lengths  over  which  the  sound 
propagates.  Infrasound,  sound  having  a  frequency  below 
about  20  Hz,  propagates  over  thousands  of  kilometers  and 
interacts  mainly  with  the  refractive  structure  of  the  tropo- 
sphere and  stratosphere.  In  contrast,  practical  considerations 
limit  the  frequencies  of  sound  used  in  active  devices  for  remote 
sensing  of  the  turbulent  boundary  layer  (the  lowest  few  hun- 
dred to  few  thousand  meters  of  the  atmosphere  influenced  by 
wind  shear  and  heat  flow  at  the  surface)  to  the  range  of  several 
hundred  to  a  few  thousand  hertz.  Such  shorter  wavelengths  lie 
just  in  the  middle  of  the  range  of  turbulent  velocity  correlation 
lengths  or  'eddy'  scales,  typically  having  values  between  about 
1  cm  and  many  tens  of  meters.  Of  course,  other  distinctions 
exist  which  may  come  into  play  strongly  in  areas  such  as 
atmospheric  dynamics.  One  of  these  differences  springs  from 
the  fact  that  the  mean  refractive  structure  depends  mainly  on  a 
single  dimension,  height  in  the  atmosphere,  whereas  true  tur- 
bulence possesses  an  inherently  three-dimensional  character. 

Because  of  the  vast  size  of  the  literature  on  turbulence,  even 
atmospheric  turbulence,  this  review  of  atmospheric  acoustics 
will  reference  only  a  few,  fairly  comprehensive  treatises.  The 
text  of  Tennekes  and  Lumley  [1972]  serves  as  a  good  in- 
troduction. The  two-volume  monograph  of  Monin  and  Yaglom 
[1971,  1974]  covers  most  of  the  older  literature,  with  especially 
complete  coverage  of  the  Russian  school.  A  proceedings  edited 
by  Haugen  [1973]  contains  both  general  material  on  atmo- 
spheric turbulence  and  analyses  of  results  of  one  of  the  classi- 
cal field  programs,  the  so-called  'Kansas  experiment.'  A  recent 
study  by  Kaimal  el  at.  [1976]  determines  both  of  the  turbulence 
intensity  parameters  CT2  and  C„2  (defined  below).  Brown  and 
Clifford  [1976]  have  abstracted  the  data  of  Kaimal  et  al.  for 
daytime  unstable  conditions,  shown  here  in  Figure  6,  to  give 
an  impression  of  the  typical  behavior  of  atmospheric  turbu- 
lence. Weill  et  al.  [1976]  have  made  experimental  studies  of  the 
effect  of  intermittency  on  CT2  and  on  the  slope  of  the  spectrum 
of  the  temperature  fluctuations. 

Because  of  the  acoustic  wavelengths  ordinarily  found  in 
problems  of  the  propagation  of  sound  through  turbulence,  one 
can  almost  always  assume  that  the  structure  function  of  the 
turbulent  velocity  fluctuations, 

Definition  of  trace  of  velocity 
structure  function 


D(r)  =  CV" 


(2) 


£»(r„  r)  =  (|v(r,  +  r)  -  v(r,)|2) 


(1) 


(where  angle  brackets  denote  ensemble  averaging)  satisfies 
both  conditions  of  isotropy  and  local  homogeneity,  Z)(r,,  r)  = 
D{r),  and  the  Kolmogorov-Obukhov  inertial  range  law 

Structure  function  for  inertial 
range  turbulence 


where  r  =  |  r| .  Equation  (2)  also  defines  the  turbulent  velocity 
fluctuation  'structure  constant'  C„2.  Figure  6  shows  that  for  the 
unstable  case,  C2  varies  with  altitude.  For  stable  atmospheres, 
C„2  becomes  small  except  for  large  values  in  layers  of  large 
shear  associated  either  with  winds  or  with  internal  waves. 
Theoretical  analysis  of  the  interaction  of  sound  with  turbu- 
lence requires,  instead  of  D(r),  the  corresponding  one-  and 
three-dimensional  spatial  spectra  of  the  velocity  fluctuations. 
These  spectra  result  from  a  Fourier  transformation  of  the 
coordinate  space  x,  =(x,  y,  z)  to  the  associated  Fourier  space 
of  the  variables  k,  =  (k,,  k2,  k3).  In  terms  of  the  magnitude  k  = 
(k,k,Y'2  (repeated  indices  imply  summation  over  the  squares  of 
components)  the  kinetic  energy  spectrum  E(k)  associated  with 
D(r)  becomes 


Spectrum  of  inertial  range  kinetic  energy 
E(k)  =  0.76C7/C-5'3 


(3) 


and  the  corresponding  three-dimensional  velocity  spectrum 
(which  appears  in  later  scattering  formulations)  becomes 


Tensor  velocity  spectrum  for 
incompressible  turbulence 


*«(«)    =    [*«    -    K,K;/K2)E(K)/(4nK2) 


(4) 


where  bu  is  the  'Kronecker  delta,'  equal  to  I  for  /'  =  j  and  0 
otherwise. 

An  additional  simplification  of  the  equations  of  sound  prop- 
agation introduces  the  assumption  that  the  acoustic  refractive 
index  n  =  c0/c,  c  being  the  true  velocity  of  sound  and  c0  the 
reference  velocity,  behaves  like  a  'passive  additive.'  This  as- 
sumption implies  that  the  fluctuations  in  n  derive  from  the 
effect  of  the  turbulent  velocity  fluctuation  field  acting  on  the 
mean  vertical  gradient  of  n  in  the  atmosphere.  The  condition 
usually  holds  because  the  time  scales  associated  with  atmo- 
spheric heat  and  humidity  fluxes  far  exceed  the  wavelengths 
and  pulse  lengths  of  sound.  With  this  assumption  the  structure 
function  of  refractive  index  fluctuations  Dn(r)  =  (|n(r,  +  r)  — 
«(r,)|2)  also  satisfies  the  Kolmogorov-Obukhov  law  in  the 
form 


Structure  function  of  inertial  range 
refractivity  fluctuations 

Dn(r)  =  CnV'; 


(5) 


The  velocity  of  sound  in  a  mixture  of  perfect  gases  depends 
on  the  temperature  T  and  the  combined  molecular  weight  m 
according  to  the  formula  c2  =  ykT/m,  where  y  is  the  com- 
bined specific  heat  ratio  and  k  the  Boltzmann  constant.  Writ- 
ing T  =  T0  +  T,  where  T0  is  the  equilibrium  temperature,  and 
e/p0  for  the  ratio  of  the  vapor  pressure  of  water  to  the  total 
pressure,  Wesely  [1976]  obtained  the  formula 

Structure  constant  for  refractivity 
fluctuations 

C„2  =  CT747„2  +  2(0.307)Cer/4/>„7„  +  (0.307  )2Ce2/4p02       (6) 

for  the  refractive  index  structure  constant.  (Wesely  uses  CeT2 
for  the  parameter  for  cross  correlation  of  humidity  and  tem- 
perature fluctuations.  Since  CeT  sometimes  becomes  negative 
and  a  square  root  would  imply  an  imaginary  CeT,  the  above 
notation  appears  both  more  logical  and  in  agreement  with  the 
formal  rule  Cxx  =  Cx2.)  The  approximation  e/p  *  1.6 lr  will 
convert  the  humidity  terms  in  (5)  to  functions  of  the  water 
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vapor  mixing  ratio  r.  Tatarskii  [1971]  drops  the  factor  }  ap- 
pearing in  (6)  and  in  the  work  of  Tatarskii  [1961].  This  change 
is  appropriate  when  the  electric  permittivity  t  is  used,  since  n  = 
t V2  implies  {n'2).  But  the  relation  between  the  refractive  index  n 
and  the  temperature  7"of  a  perfect  gas  suggests  retention  of  the 
factor  in  acoustic  propagation. 

Friehe  el  al.  [1975]  have  studied  the  behavior  of  Ce2  and  C,T 
for  use  in  the  corresponding  optical  refractive  index  structure 
function.  (Of  course,  Ce2  and  CeT  retain  the  same  values, 
although  C„2  changes.)  They  found  that  CeT  may  contribute  a 
negative  correlation  over  lakes  near  deserts  but  that  it  pro- 
duces a  positive  contribution  over  a  warm  ocean.  Using  their 
typical  values  of  T  «  0. 1  K,  r'  »  0.5p„,  p0  being  in  micrograms 
per  cubic  centimeter,  gives  T'/T0  *  0.3  X  10~3,  i>  «  0.3  X  10'3. 
Unlike  the  optical  C„2,  CT2,  CeT,  and  Ce2  may  have  com- 
parable contributions  to  the  acoustical  Cn2  for  acoustic  waves. 
Unfortunately,  there  do  not  yet  exist  any  inertial  subrange 
investigations  of  profiles  of  CeT  and  Ce2  with  altitude,  although 
Gossard  [I960]  has  obtained  correlations  of  e  and  T  fluctua- 
tions at  a  single  elevated  level  of  500  ft  (150  m).  When  such 
profiles  are  obtained,  they  will  have  great  value  for  the  inter- 
pretation of  echosonde  recordings  in  marine  atmospheres. 

The  above  information  on  atmospheric  turbulence  gives  a 
rough  picture  of  the  average  behavior  of  the  boundary  layer. 
In  reality,  the  boundary  layer  is  rarely  horizontally  homoge- 
neous. During  unstable  daytime  conditions,  thermal  plumes 
and  humidity  plumes,  having  various  diameters,  move  past 
observing  stations  with  speeds  close  to  the  mean  wind  speed. 
During  stable  nighttime  or  inversion  conditions,  long-wave- 
length internal  waves  and  breaking  waves  produce  horizontal 
inhomogeneity.  But  since  the  full  extent  of  such  horizontal 
inhomogeneity  became  known  only  after  the  introduction  of 
the  echosonde,  further  information  will  fall  more  logically  into 
the  later  section  on  uses  of  the  echosonde  in  atmospheric 
research.  (Many  of  the  statements  made  above  hold  for  the 
mixed  layers  in  the  ocean  as  well.  A  theoretical  analysis  of  such 
effects  by  Emmanuel  and  Mandics  [1973]  has  been  borne  out  in 
experiments  performed  by  Proni  and  Apel  [1975].) 

Propagation  in  a  Quiet  Atmosphere 
Refraction 

Temperature  gradients,  wind,  and  wind  gradients  affect  the 
propagation  of  sound  in  a  nonturbulent  atmosphere.  Of 
course,  a  constant  wind  alone  (meteorologically  unlikely!  a 
logarithmic  wind  profile  near  the  ground  appears  typical  of 
mean  wind  behavior)  has  an  immediate  solution  by  trans- 
forming to  a  coordinate  system  moving  with  the  mean  wind 
(Galilean  transformation).  The  approaches  to  solutions  of 
more  complicated  problems  of  refraction  fall  into  two  classes: 
( 1 )  full  solutions  of  the  generalized  wave  equation  for  particu- 
lar simple  boundary  conditions,  usually  using  the  method  of 
expansion  in  modes;  and  (2)  treatment  of  refraction  by  the  ray 
theory  method  in  which  (under  the  criterion  that  dimensions, 
such  as  beam  diameters  and  reciprocals  of  refractive  index 
gradients,  remain  much  larger  than  the  wavelength)  only  the 
paths  of  energy  flow  and  the  energy  flow  density  retain  any 
significance. 

The  work  of  Pekeris  [1946]  exemplifies  the  first  type,  that  of 
wave  solutions.  D.  H.  Wood  [1969]  has  used  such  work  to 
determine  the  Green's  functions  for  propagation  in  a  medium 
with  a  constant  refractivity  gradient.  In  turn,  D.  H.  Wood 
[1970]  has  applied  his  results  to  obtaining  correction  factors 
for  acoustic  direction  and  range  determinations  and  to  giving 
parameterless  wave  solutions  [D.  H.   Wood,  1973].  Raphael 


[1971]  has  rederived  the  results  of  D.  H.  Wood  [1970]  by  the 
alternative  ray  path  method.  Hartman  [1975]  obtained  solu- 
tions for  the  behavior  of  the  propagation  of  a  'wave  packet'  in 
a  particular  stratified  flow.  Brelherlon  [1969],  Garrett  [1969], 
Pierce  and  Posey  [1971],  Wenzel  [1974],  and  Donato  [1976a,  b] 
have  studied  the  effect  of  the  surface  wave  along  an  impedance 
boundary  on  the  full  wave  solutions  above  it.  The  surface  wave 
effect  has  had  immediate  practical  application,  as  it  has  in  the 
study  of  the  effect  of  ground  impedance  by  Embleton  el  al. 
[1976a,  b\.  Ingard  and  Mating  [1963]  have  studied  the  more 
complex  effects  caused  by  the  combination  of  turbulence  and 
ground  reflections. 

The  ray  path  approach  to  refraction  suffered  a  brief  con- 
fusion because  of  an  error  in  the  older  literature.  Much  of  the 
early  work  concerns  correction  of  that  error  and  analysis  for 
obtaining  the  equations  of  the  ray  paths  alone.  Blokhintzev 
[1946]  properly  accounted  for  the  effect  of  wind  on  the  equa- 
tions of  sound  propagation.  Heller  [1953]  gave  the  correct 
form  of  the  generalized  eikonal  equation: 


|VS|2  =  n2{x)[\  -  m(r)VS]2 


(7) 


where  «(r)  =  c0/c(t)  represents  the  refractive  index  and  m(r) 
denotes  the  Mach  number  v(r)/c0,  v(z-)  being  the  wind.  The 
solutions  of  (7)  give  the  paths  over  which  the  acoustic  energy 
travels,  which  differ  from  the  trajectories  of  the  wave  vectors 
when  v  ^  0.  Kornhauser  [1953]  used  Heller's  result  to  obtain 
the  equation  for  the  ray  path  in  the  two-dimensional  case,  in 
which  sound  propagates  in  the  direction  of  the  wind  and  n  and 
v  depend  only  on  altitude  z.  Kornhauser  [1953]  also  derived  a 
generalization  of  Snell's  law  which,  if  \p  represents  the  angle 
between  the  ray  and  the  horizontal  and  m2  =  |m|2,  takes  the 
form 


n  cos  ^[1  —  m2n2  sin2^]"2  —  mn2  sin2^ 
1  -I-  mn  cos  tp[  1  -  m2n2  sin2  ^]"2  -  m2n2  sin2  \f/ 


=  C 


(8) 


where  C  is  a  constant  on  each  ray.  Clearly,  when  the  wind 
vanishes,  m  =  0,  and  (8)  reduces  to  n  cos  \p  =  C,  the  form  of 
the  ordinary  Snell's  law  suitable  for  horizontal  stratification. 
Warren  [1964]  reemphasized  the  validity  of  the  new  results. 
Thompson  [1974a,  b]  gives  a  more  thorough  treatment  for 
derivation  of  the  equations  of  the  ray  path  in  the  three-dimen- 
sional case.  Much  of  the  remainder  of  the  work  on  ray  paths 
consists  of  numerical  methods,  alternative  derivations,  and 
treatment  of  simple  cases  such  as  horizontal  stratification  and 
constant  refractivity  gradient  with  altitude.  Such  work  in- 
cludes that  of  Soger  [1974],  Chuprynin  [1975],  White  [1973], 
Chessel  [1973],  Kong  [1970],  and  Mathur  and  Sagoo  [1975]. 
The  papers  of  Pedersen  el  al.  [1975]  and  Weinberg  [1975] 
contain  a  number  of  techniques  which,  although  they  were 
intended  for  underwater  sound  propagation,  are  also  appli- 
cable to  refraction  in  the  atmosphere.  Hassab  [1975]  has  de- 
scribed methods  for  treating  refraction  in  a  layer  with  an 
arbitrary  refractivity  profile.  Refraction  in  complex  three-di- 
mensional atmospheric  wind  and  temperature  fields  can  be 
treated  by  computerized  ray-tracing  algorithms,  such  as  the 
modification  of  the  Jones-Haselgrove  program  given  by 
Georges  [1971]. 

Since  the  rays  studied  in  the  above  papers  represent  paths  of 
energy  flow,  the  convergence  or  divergence  of  ray  bundles 
essentially  determines  the  sound  intensity.  A  number  of  au- 
thors have  studied  sound  intensities  from  this  geometric  point 
of  view.  Ugincius  [1969a,  b,  1970,  1972]  has  obtained  equations 
for  the  energy  flow  that  bypass  the  need  for  solution  of  the 
wave  equation.  Other  techniques  and  applications  appear  in 
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the  papers  of  Krol  [1973a,  b],  MacKinnon  et  al.  [1972],  Chen 
and  Ludwig  [1973],  and  Solomon  and  Armijo  [  197 1  ].  Barnes  and 
Solomon  [1973]  give  some  interesting  special  cases  for  ray 
acoustics.  Most  of  the  above  theoretical  studies  assume  both 
horizontal  homogeneity  and  constancy  in  time.  For  the  real 
atmosphere  an  intermediate,  time-dependent  scale  exists, 
which  causes  random  fluctuations  in  the  effective  ray  paths 
and  in  their  phase  path  lengths.  One  can  consider  such  effects 
as  being  due  either  to  'small-scale'  refraction  or  to  Marge-scale' 
anisotropic  turbulence.  Chessel  [1976]  has  studied  these  ran- 
dom effects  by  obtaining  the  correlation  function  of  the  propa- 
gation times  on  the  fluctuating  paths.  He  finds  the  fluctuations 
to  be  determined  by  atmospheric  scale  sizes  in  the  range  from 
200  to  500  m.  Measurements  of  such  large-scale  fluctuations 
are  included  also  by  Gonter  [1975]. 

Recently,  interest  has  revived  in  the  phenomenon  of  'duc- 
ting' by  ground-based  or  elevated  inversions,  such  as  the  phe- 
nomenon studied  much  earlier  by  King  [1919].  Embleton  et  al. 
[1976a,  b]  have  studied  the  effect  of  ground  impedance  on  such 
ducting,  and  Kriebel  [1972]  has  considered  both  the  focusing 
and  the  attenuation.  Greenfield  et  al.  [1974]  have  used  observa- 
tions of  propagation  times  to  measure  temperature  profiles  in 
inversions.  Burkhard  and  Shealy  [1974]  have  made  a  theoreti- 
cal study  of  the  way  refraction  by  a  gradient  affects  the  wave 
reflected  by  an  arbitrary  shape.  As  a  final  application  of  refrac- 
tion theory,  Georges  and  Clifford  [1972,  1974]  and  Spizzichino 
[1974a,  b]  have  obtained  correction  formulas  for  the  effect  of 
refraction  on  Doppler  echosonde  measurements  of  wind.  For 
the  case  of  realistic  horizontal  winds,  Georges  and  Clifford 
found  that  the  correction  remained  small  up  to  at  least  1-km 
range  and  that  the  correction  depended  on  the  square  of  the 
wind  Mach  number  m. 

A  ttenuation 

The  attenuation  of  sound  by  molecular  absorption  repre- 
sents one  of  the  most  thoroughly  studied  subjects  in  acoustics. 
This  review  will  include  only  a  few  highlights  of  this  practically 
important  aspect  of  atmospheric  acoustics.  The  reader  inter- 
ested in  more  details  can  pursue  them  in  the  review  of  Piercy  el 
al.  [1977]  or  the  report  of  Sutherland  [1975].  Many  of  the 
empirical  results  depend  on  the  careful  experimental  results  of 
Harris  [1963,  1966]  and  Harris  and  Tempest  [1964].  The  sug- 
gestion of  Piercy  [1969]  that  at  frequencies  below  about  4  kHz 
the  vibrational  modes  of  N2  in  addition  to  those  of  02  play  an 
important  role  in  absorption  brought  about  agreement  be- 
tween theoretical  predictions,  such  as  those  of  Evans  et  al. 
[1972],  and  experimental  values. 

Given  an  (infinite)  plane  sound  wave  with  an  intensity  (en- 
sonification  or  energy  flux  density)  S0  at  the  origin  and  an 
intensity  5  after  propagation  over  a  path  length  L  (m)  in  a 
direction  perpendicular  to  the  phase  fronts,  the  equation 


Definition  of  attenuation  coefficient 

aL  =  10  log  (S0/S) 


(9) 


defines  the  absorption  coefficient  a  in  decibels  per  meter. 
Clearly,  any  finite  source  will  have  additional  losses  caused  by 
diffraction  ('spreading  losses').  These  losses  in  the  far  field 
vary  inversely  as  the  square  of  the  distance.  Additional  losses 
are  caused  by  turbulent  scattering  ('excess  attenuation'),  con- 
sidered in  a  later  section  of  this  paper. 

A  simplified  but  adequate  model  of  absorption  divides  the 
absorption  coefficient  into  contributions  from  classical  viscous 
losses  (cl),  molecular  rotation  losses  (rot),  and  molecular  vi- 


bration losses  (vib)  in  the  principal  atmospheric  components, 
02  and  N2.  The  latter  two  losses  typify  so-called  relaxation 
processes.  For  molecules  with  internal  degrees  of  freedom, 
some  of  the  kinetic  energy  imparted  to  the  molecules  by  the 
sound  transfers  to  internal  energy  modes.  Then  the  internal 
energy  more  or  less  slowly  transforms  back  (relaxation)  to 
translational  energy  but  is  now  more  or  less  out  of  phase  with 
the  initial  wave.  In  air,  third-body  collisions  with  water  vapor 
molecules  drastically  affect  the  rate  of  such  relaxation.  In 
accordance  with  this  physical  picture  the  absorption  coeffi- 
cient takes  on  the  form 

Contributions  to  the  absorption  coefficient 

a  =  flcl  +  arnt  +  avlb(02)  +  avlb(N2)  (10) 

For  the  sum  of  the  classical  and  rotational  contributions  to 
the  absorption  coefficient  a  the  report  of  Sutherland  [1975] 
recommends  the  equation 


Empirical  form  of  classical  and 
rotational  absorption 

acl  +  Oroi  =  5.847  X  10 


pJp 


(T0/T)  +  2.654 


f  dB  m-1        (II) 


where/  is  in  hertz,/?  is  the  pressure {p0  =  101,325  N  rrr2),  and 
T  is  the  absolute  temperature  (7"0  =  293  K).  Equation  (10) 
combines  the  constants  in  Sutherland's  equation  in  a  slightly 
different  way.  Thus  at  'room  temperature'  and  1  atm  the 
contribution  amounts  to  1.6  X  10"7/2  dB  km-1,  for  practical 
purposes  a  negligible  amount  until  the  frequency  rises  above 
about  3000  Hz. 

The  vibrational  contributions  to  the  absorption  coefficient 
assume  an  especially  simple  form  when  they  are  expressed  as  a 
loss  per  wavelength.  When  a  =  aA,  each  molecular  species 
adds  an  amount 


Resonance  form  for  vibrational  absorption 


avlb    -   «mn 


2///, 


'    1    +    (f/fr)2 


dB 


(12) 


where  fr  represents  the  frequency  of  the  particular  absorption 
peak  and  «,,,„,  the  magnitude  of  avlb  at  the  peak.  The  parame- 
ter am„,  depends  on  temperature  but  not  on  humidity.  In 
contrast,  fr  depends  on  both  temperature  and  humidity.  Most 
of  the  literature  uses  the  dimensionless  loss  in  nepers  per 
wavelength,  amax,  in  place  of  amax  in  decibels;  thus  amax  = 
I0(log  f)amHX  =  4.343amax.  Figure  7,  from  Sutherland  [1975], 
shows  the  behavior  of  <*max(02)  and  amax(N2). 

The  following  empirical  formula  from  Sutherland  [1975] 
gives  the  relaxation  frequency  for  02,  abbreviated  as  /0: 


(13) 


Empirical  expression  for  02  resonance  peak 

where  q  represents  the  mole  ratio  (in  percent)  of  H20  mole- 
cules to  the  total  number.  In  terms  of  vapor  pressure  e,  q  = 
\00e/p  mol  %  ratio.  Similarly,  and  again  from  Sutherland 
[1975],  the  relaxation  frequency  for  N2,  abbreviated  as /„,  has 
the  empirical  representation 


Empirical  expression  for  N2  resonance  peak 
/„  -^  =  9  +  350a     Hz 

p/po 


(14) 
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Fig.  7.     Maximum  absorption  coefficients  per  wavelength  due  to  O,  and  N,  [from  Sutherland,  1975]. 


Use,  of  course,  requires  conversion  of  the  values  of  avlb  found 
from  (1 1 )  to  the  ordinary  absorption  coefficient  by  the  relation 
flv.b  =  avlbf/c  with  c  =  343.15(777"0)"2  m  s"'.  Figure  8,  from 
Sutherland  [1975],  shows  the  qualitative  behavior  of  both  the 
total  absorption  coefficient  a  and  the  absorption  per  wave- 
length, a. 

Sound  in  Fogs 

Propagation  of  sound  in  fog  historically  represents  the  sec- 
ond problem,  after  effects  of  mean  wind,  to  arise  in  atmo- 
spheric acoustics.  Derham  [1708]  concluded  that  fog  in- 
troduced extra  attentuation  and  thus  inhibited  the 
propagation  of  sound.  Tyndall  [1874]  carried  out  field  experi- 
ments that  contradicted  Derham's  results.  Tyndall  suggested 
that  the  decrease  in  temperature  fluctuations  associated  with 
fog  conditions  could  explain  observations  of  decreased  attenu- 
ation of  sound  through  fogs.  Only  the  last  decade  has  brought 
a  resolution  of  the  controversy:  in  the  low  audible  and  in- 
frasonic  range,  heat  and  momentum  transfer  relaxations  and 
mass  transfer  and  latent  heat  release  between  droplets  and 
vapor  cause  increased  attenuation;  above  the  relaxation  fre- 
quencies, however,  attenuation  in  fog  becomes  lower  than  that 
associated  with  water  vapor. 

A  satisfactory  theory  of  sound  in  fogs  became  possible  with 
the  development  of  a  model  that  treated  the  'sea'  of  water 
droplets  as  a  continuum,  a  third  gas  added  to  the  air-water 
vapor  mixture.  Marble  [1969]  and  Marble  and  Woolen  [1970] 
developed  equations  for  such  a  mixture.  Cole  and  Dobbins 
[1970,  1971]  obtained  both  numerical  predictions,  from  a  simi- 
lar theory,  and  experimental  results,  which  did  not  entirely 
agree  with  their  predictions.  Davidson  [1975]  found  that  Cole 
and  Dobbins  [1970]  had  discarded  some  terms  of  the  same 
order  as  those  retained  in  their  final  equations.  Reintroduction 
of  such  terms  led  to  satisfactory  agreement  between  the  revised 
predictions  found  by  Davidson  [1975]  and  the  observations 
of  Cote  and  Dobbins  [1971].  Einaudi  and  Lalas  [1973]  used  a 
similar  model  to  analyze  the  propagation  of  internal  waves 
('gravity  waves')  in  the  atmosphere.  For  infrasound  the  same 


mechanism  that  produces  increased  attentuation  causes  a 
slight  amount  of  dispersion  (frequency  dependence  of  the 
sound  speed). 

Two  dimensionless  numbers  simplify  a  discussion  of  the 
results  of  the  above  authors.  The  first,  the  Prandtl  number  Pr 
—  CpHm/nm  (where  cp  is  the  specific  heat  at  constant  pressure, 
nm  the  shear  viscosity  of  the  mixture,  and  nm  the  thermal 
conductivity  of  the  mixture),  represents  the  ratio  of  energy 
dissipated  by  viscosity  to  energy  transferred  by  heat  con- 
duction. The  second,  the  Lewis  number  Le  =  Km/{pmcpDm) 
(where  pm  is  the  density  and  Dm  the  thermal  diffusion  coeffi- 
cient of  the  mixture),  represents  the  ratio  of  energy  transferred 
by  heat  conduction  to  energy  transferred  by  thermal  diffusion. 
From  Appendix  B  of  Davidson  [1975]  we  can  define  a  basic 
characteristic  time  t0  =  27r(p,/pm)(r,V3«'m),  where  p,  is  the 
density  of  the  liquid  phase,  r,  the  liquid  droplet  radius,  and  vm 
the  kinematic  viscosity  of  the  mixture  (the  introduction  of  the 
factor  It  permits  expressing  all  frequencies  in  hertz).  Then  the 
characteristic  relaxation  times  associated  with  interchange  (be- 
tween vapor  and  droplets)  of  momentum,  heat,  and  mass 
become  rmom  =  fr0,  rllurn,  =  PrrB,  and  rmaM  =  LePrr0, 
respectively.  But  for  air  and  light  fogs,  Pr  «  0.75  and  Le  » 
0.84  imply  that  all  the  characteristic  times  have  the  same  order 
of  magnitude. 

As  an  example,  for  large  fog  droplets  with  r,  =  10  j/m,  vm  = 
0.1  cm2  s-1,  pi  =  1  g  cm-*,  and  pm  =  103  g  cm3,  the 
characteristic  time  r„  becomes  t0  =  0.06  s,  corresponding  to  a 
frequency  of  16  Hz.  However,  the  solutions  of  the  equations 
for  the  above  model  show  that  two  peaks  in  the  attenuation 
exist.  For  practical  purposes  the  highest  of  these  satisfies  the 
equation  fr0  =  1,  where  /  is  in  hertz.  But  a  much  lower  peak, 
related  to  mass  (and  latent  heat)  effects,  also  exists.  The  posi- 
tion of  the  lower  peak  always  lies  in  the  infrasound  region  (or 
below)  and  depends  on  the  mass  fraction  Q,  of  water  droplets 
to  the  mass  of  the  air-water  vapor  mixture  according  to  the 
equation  /t0  =  Q,  (using  the  same  molecular  weight  factor  that 
appeared  in  the  equation  for  absorption  by  molecules  shows 
that  Q,   =  0.621</,,  where  q,  is  the  mole  fraction  of  liquid 
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Fig.  8.     Schematic  behavior  of  absorption  coefficient  per  unit  wavelength  a  and  per  unit  distance  a.  [from  Sutherland, 

19751. 


droplets).  A  value  of  Q,  =  0.001  is  typical  for  fogs,  and  a  value 
of  Q,  =  0.01  is  probably  the  upper  limit  of  the  range.  Thus  the 
highest  values  of  attenuation  in  fogs  appear  at  frequencies 
below  1  Hz,  or  at  periods  of  about  6-60  s.  Figure  9,  from 
Davidson,  gives  an  illustrative  example  for  the  variation  of 
attenuation  with  frequency.  The  figure  shows  values  of  the 
dimensionless  attenuation  2wa  in  nepers  per  wavelength  as  a 
function  of  the  dimensionless  frequency  fr0. 

Nonlinear  Effects 

As  a  particular  kind  of  fluid  flow,  sound  waves  must  satisfy 
the  conservation  equations  (of  mass,  momentum,  and  energy) 
of  fluid  mechanics  and,  in  addition,  the  special  conditions  that 
distinguish  sound  from  other  fluid  motions  such  as  steady 


laminar  flow  or  turbulence.  As  a  consequence,  sound  waves  do 
not  obey  the  'wave  equation'  (Whitham  [1974]  justly  remarks 
that  the  wave  equation  does  not  govern  the  motions  of  the 
majority  of  waves).  The  wave  equation  for  sound  results  only 
from  the  linear  approximation  of 'very  small'  amplitudes.  But, 
as  an  example,  the  acoustic  power  output  of  recently  devel- 
oped echosondes  has  risen  to  the  point  at  which  nonlinear 
motions  in  front  of  the  transmitters  or  in  the  feed  horns  may 
seriously  affect  performance. 

If  we  denote  the  velocity  of  a  particle  in  a  sound  wave  by  u 
=  u,,  the  equations  contain  terms  that  lead  to  an  'interaction 
of  the  sound  with  itself.'  As  long  as  the  magnitude  u  =  |u| 
remains  very  much  smaller  than  the  average  phase  velocity  c  of 
the  wave,  the  nonlinear  term  has  a  negligible  effect.  But  with 
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Fig.  9.  Absorption  coefficient  2ira  (a  in  nepers  per  wavelength) 
due  to  fog  as  a  function  of  nondimensional  frequency  fr0/Q,,  where/ 
is  the  sound  frequency  in  hertz,  Q,  is  the  mass  fraction  of  water 
droplets,  and  t0  is  the  characteristic  time  of  the  mixture  [from  David- 
son, 1975]. 


increasing  u  (so-called  'finite-amplitude'  sound)  a  number  of 
phenomena  appear  that  spring  from  this  essential  nonlinearity. 
Most  important,  at  any  point  within  each  positive  velocity  half 
cycle  the  instantaneous  phase  velocity  becomes  c  +  1.2m,  and 
within  the  negative  velocity  half  cycle,  c  —  1.2m.  (The  factor  (7 
+  1  )/2  =  1 .2  arises  from  convection  and  the  relation  between 
adiabatic  pressure  and  density  changes  in  a  perfect  gas.)  As  a 
result  the  crests  of  a  simple  sine  wave  begin  to  overtake  the 
zeros,  while  the  negative  portions  lag  increasingly.  At  some 
point  a  shock  front  for  each  cycle  begins  to  form,  and  shortly 
afterward  the  wave  becomes  distorted  into  a  sawtooth. 

Fourier  analysis  shows  that  the  distortion  appearing  in  the 
wave  form  of  finite  amplitude  sound  represents  a  flow  of 
energy  out  of  the  fundamental  frequency  into  higher  har- 
monics. Since  sound  absorptivity  varies  as  p,  the  appearance 
of  higher  frequencies  results  in  greatly  increased  attenuation. 
Ultimately,  even  with  increasing  input  power,  nonlinear  effects 
prevent  any  increase  in  the  wave  amplitude  at  a  distant  point 
in  a  sound  beam,  a  phenomenon  best  called  'nonlinear  satura- 
tion' (as  distinct  from  the  process  of  'turbulent  saturation,' 
discussed  later).  A  large  body  of  literature  has  arisen  both  on 
the  mathematical  theory  of  nonlinear  propagation  and  on  the 
applications  to  underwater  sound.  This  review  considers  only 
the  literature  that  has  immediate  applications  to  atmospheric 
acoustics,  referring  the  reader  to  the  article  of  Blackstock 
[1972]  for  broader  theoretical  background. 

A  paper  of  Shooter  el  al.  [1974]  contains  a  very  readable 
description  of  the  increasing  distortion  with  path  length  of  a 
sufficiently  intense  sound  wave,  together  with  expressions  for 
the  characteristic  distances  associated  with  each  stage:  the 
distance  f  for  shock  formation,  the  distance  r  for  a  fully 
developed  sawtooth  or  N  wave,  and  the  'old-age'  distance  rmax, 
where  the  wave  returns  to  an  approximately  sinusoidal  form  of 
greatly  reduced  amplitude  propagating  linearly.  The  same  au- 
thors obtain  results  applicable  to  the  nonlinear  saturation  of 
sound  in  air  (although  their  data  concern  only  underwater 
sound),  the  phenomenon  predicted  by  King  [1919]  and  first 
observed  by  Allen  [1950].  Shooter  et  al.  also  consider  the 
deterioration  of  the  beam  pattern  of  a  transmitter  produced  by 
nonlinear  effects.  Beam  broadening  attenuates  the  high-ampli- 
tude sound  in  the  main  lobe  more  than  the  weaker  sound  in  the 
side  lobes.  Loekwood  et  al.  [1973]  also  have  studied  the  depen- 
dence on  direction  of  the  generation  of  higher  harmonics  by 
nonlinearity.  Fenlon  [1971]  has  given  a  method  for  calculating 
saturation  in  spherical  waves  from  the  acoustic  Burgers'  equa- 
tion, but  again  his  comparisons  between  theory  and  experi- 
ment refer  only  to  underwater  sound.  Pestorius  [1973]  ana- 


lyzed an  alternative  method,  a  revision  of  the  so-called  'weak 
shock'  theory,  and  Pestorius  and  Williams  [1974]  discussed  the 
limits  for  the  use  of  the  weak  shock  approach.  This  review 
does  not  try  to  cover  the  work  of  a  number  of  other  research- 
ers on  the  special  problem  of  high-intensity  sound  in  pipes, 
even  though  the  results  may  have  important  applications  to 
transducer  or  horn  design. 

Just  as  nonlinearity  results  in  a  self-interaction  of  a  sound 
beam,  the  same  phenomenon  permits  interference  with  respect 
to  the  parallel  components  of  the  particle  velocities  of  two 
sound  beams  of  different  frequencies.  (That  perpendicular  par- 
ticle velocities  would  not  affect  each  other  seems  almost  imme- 
diately clear  on  physical  grounds.)  A  study  of  such  nonlinear 
interaction  between  two  sound  beams  led  Westervelt  [1963]  to 
suggest  the  application  known  as  a  'parametric  array.'  In  such 
an  array  a  high-frequency  primary  interacts  with  a  primary  of 
slightly  lower  frequency  to  create  a  secondary  wave  beam 
having  a  low  frequency  equal  to  the  difference  between  the 
original  two  frequencies.  The  fact  that  the  difference  frequency 
beam  originates  physically  from  the  long,  extended  and  ta- 
pered region  of  nonlinear  interaction  in  front  of  the  actual 
transmitters  implies  that  diffraction  and  side  lobes  become 
negligible.  However,  the  applications  of  such  arrays  appear  to 
show  greater  promise  for  underwater  sound  than  for  atmo- 
spheric acoustics,  since  the  side  lobe  suppression  costs  addi- 
tional amounts  of  power.  M.  B.  Bennett  and  D.  T.  Blackstock 
[1975]  have  achieved  such  side  lobe  suppression  with  a  para- 
metric array  operating  in  air.  An  earlier  work  of  Muir  [1971] 
also  studied  the  parametric  array.  But  the  antenna  design  used 
in  typical  present-day  echosondes  (using  feed  horns,  reflecting 
dishes,  and  flared  absorbing  cuffs)  can  easily,  and  more 
cheaply,  match  or  better  the  beam  patterns  of  parametric 
arrays,  at  least  in  their  present  state  of  development. 

In  a  study  of  jet  engine  noise,  Ffowcs  Williams  [1974]  noted 
that  for  the  high-intensity  noise  the  wave  form  appeared  as  a 
sequence  of  sharp  spikes  rather  than  the  expected  sawtooth. 
An  accompanying  theoretical  study  indicated  that  such  an 
extreme  wave  form  follows  from  the  spatially  extended  nature 
of  the  source.  The  study  developed  the  solution  for  high- 
intensity  sound  from  a  sphere  in  a  Taylor  expansion  and  then 
showed  that  energy  tends  to  flow  from  the  first  term  of  the 
expansion  to  the  second  and,  presumably,  with  still  more 
intense  sound  to  still  higher-order  terms.  Theobald  et  al.  no- 
ticed similar  spiking  in  the  radiation  field  of  an  exponential 
horn  similar  to  the  horns  used  in  echosonde  antennas.  Such 
results  are  discussed  briefly  by  Theobald  [1977]  and  Webster 
[1976].  They  relate  the  effect  to  a  diffraction  phenomenon 
associated  with  finite  piston  sources  in  which  the  wave  dif- 
fracted from  the  edge  of  the  piston  combines  with  the  wave 
radiated  directly  from  the  piston  face  in  such  a  way  that  the  far 
field  wave  form  becomes  the  derivative  of  the  signal  near  the 
piston.  Thus  a  sawtooth  near  the  piston  would  become  a 
sequence  of  spikes  in  the  far  field.  Since  the  second  term  in  a 
Taylor  expansion  determines  the  strength  of  the  first  derivative 
of  a  function,  the  explanations  of  Theobald  et  al.  and  Ffowcs 
Williams  represent  the  same  physical  process.  Clearly,  this 
phenomenon  may  severely  limit  higher-powered  echosonde 
antennas. 

Interaction  of  Sound  With  Turbulence 

Separating  Sound  From  Turbulence 

The  title  of  this  section  suggests  that  a  clear  distinction  exists 
between  the  fluid  motion  called  sound  and  that  called  turbu- 
lence. We  think  of  sound  as  a  wave  motion  and  of  turbulence 
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as  a  random  velocity  field.  Now  we  must  consider  flows  that 
are  simultaneously  waves  and  random  motions,  recognizing 
that  even  the  word  'wave1  has  no  precise  meaning.  Whitham 
[1974]  adopts,  but  it  is  not  completely  happy  with,  the  defini- 
tion by  Tolstoy  [1973]  that  a  wave  is  a  process  that  transfers 
energy  from  one  point  at  one  time  to  a  distant  point  at  a  later 
time  without  a  corresponding  transfer  of  mass.  Clearly,  the 
definition  does  not  cover  the  possibility  of  treating  a  moving 
electron  as  a  de  Broglie  wave.  Physics  cannot  be  neatly  pack- 
aged. In  fact,  our  definitions  of  sound  and  turbulence  can  be 
only  approximate  and  will  fail  outside  of  certain  limits.  In- 
stead, we  must  circle  around  a  phenomenon  in  a  series  of 
partial  descriptions  that  ultimately  will  give  the  reader  a  prag- 
matic understanding. 

One  such  description,  one  used  in  some  form  by  so  many 
authors  that  it  can  almost  be  considered  classic,  depends  on 
two  approximations:  first,  that  the  density  changes  in  sound 
represent  a  reversible  adiabatic  process,  that  is,  that  the  en- 
tropy of  each  'particle'  or  'parcel'  of  air  remains  constant  in 
time  (particles  are  not  molecules);  and  second,  that  turbulence 
represents  an  incompressible  random  flow,  that  is,  that  the 
density  of  each  particle  remains  constant.  The  adiabatic  condi- 
tion fails  to  hold  when  the  frequency  of  the  sound  increases 
toward  the  molecular  collision  frequency  and,  for  the  lowest 
infrasound  at  the  other  end  of  the  spectrum,  when  the  radia- 
tive absorption  studied  by  Gille  [1968]  and  others  begins  to 
have  a  slight  effect.  In  typical  atmospheric  conditions,  turbu- 
lence behaves  in  approximately  the  same  way  as  in  an  in- 
compressible fluid.  But  since  turbulence  itself  produces  ran- 
dom aerodynamic  sound,  the  approximation  can  hold  only  if 
we  either  neglect  some  minimum  noise  level  or  restrict  the 
intensity  of  turbulence  considered. 

Making  use  of  the  above  approximations  involves  the  tricky 
step  of  getting  them  into  the  equations  of  motion.  That  is,  we 
must  find  an  unambiguous  way  to  separate  the  particle  veloc- 
ity v  into  a  part  w  associated  with  turbulence  and  a  part  u 
associated  with  sound.  Following  Tatarskii  [1971]  or  Brown 
[1972],  for  example,  we  can  'freeze'  the  dynamic  and  ther- 
modynamic states  of  the  fluid  at  successive  points  in  time. 
Then  at  each  point  we  can  apply  temporary  additional  pres- 
sure or  body  forces  that  selectively  compress  or  expand  the 
particles  (or  parcels)  of  fluid  isentropically  to  the  densities 
p0(X)  that  they  would  have  in  the  absence  of  both  sound  and 
turbulence.  Here  we  use  the  'material'  coordinates  X  to  label 
each  particle  of  fluid  to  distinguish  from  the  geometric  coordi- 
nates x  of  a  point  in  space;  also,  we  will  need  the  symbols  V  = 
B/dx  =  d/dx,  and  8,  =  d/dt. 

For  each  time  /  we  denote  the  velocity  of  a  particle  after 
each  adiabatic  process  by  w(X)  but  require  the  velocity  to 
remain  unchanged,  that  is,  w(X)  =  v(X).  Since  particles  must 
move  about  during  the  adiabatic  process  to  permit  the  desired 
adjustments  in  the  density  p,  we  must  also  have  w(x)  ^  v(x); 
that  is,  we  have  defined  (almost!)  a  new  velocity  field  w(x) 
associated  with  incompressible  turbulence.  This  procedure  is 
not  unique  since,  for  example,  with  a  given  spherical  density 
concentration,  each  particle  could  move  either  on  radial  or 
spiral  paths  during  the  rearrangement.  To  remove  this  am- 
biguity, we  introduce  here  a  third  assumption.  Although  w(X) 
=  v(X),  the  particle  displacements  during  the  adiabatic  proc- 
ess require  Vw(X)  4=  Vv(X).  But  except  for  sound  near 
boundary  surfaces  and  except  for  infrasound  the  vorticity 
associated  with  sound  is  negligible.  Turbulence,  on  the  other 
hand,  as  a  three-dimensional  random  velocity  field,  necessarily 


possesses  nonvanishing  vorticity.  Thus  introducing  the  third 
condition,  that  V  *  w(X)  =  V  *  v(X),  leads  to  a  unique  turbu- 
lent velocity  field  w(x)  and  a  unique  sound  particle  velocity 
field  u(x)  =  v(x)  -  w(x).  We  note  in  passing  that  the  above 
procedure  also  requires  <9,w(X,  /)  =  d,v(X,  t),  but  d,w(x,  /)  ^ 
3,v(x,  0-  Again,  however,  our  procedure  must  have  limits  of 
validity:  the  nonzero  mean  density  gradient  in  the  atmosphere 
implies  that  particle  paths  gradually  change  from  line  seg- 
ments to  ellipses  on  descending  to  the  infrasound  region, 
which  in  turn  implies  nonvanishing  vorticity.  And  even  in  the 
audible  range  the  boundary  condition  that  the  tangential  com- 
ponent of  the  particle  velocity  must  vanish  at  solid  surfaces 
cannot  be  met  in  general  without  some  vorticity.  However, 
Skudrzyk  [1971]  suggests  that  at  1000  Hz  such  vorticity  is 
confined  to  a  film  less  than  0.06  mm  thick. 

The  above  description  of  the  separation  of  sound  and  turbu- 
lence becomes  less  useful  in  certain  areas,  such  as  infrasound. 
We  can  obtain  a  second  description  if,  in  Tolstoy's  definition 
of  a  wave,  we  replace  the  word  'energy'  by  'information'.  In 
information  theory  the  complement  of  information  is  entropy 
(here  the  entropy  associated  with  the  velocity  fluctuations,  not 
the  entropy  of  the  gas).  Thus  information  is  a  result  of  wave 
propagation,  and  entropy  is  a  result  of  turbulence,  the  process 
that  decreases  the  information  observable  with  increasing 
propagation  time.  Despite  the  abstract  nature  of  this  second 
approach,  its  usefulness  lies  almost  entirely  in  the  procedures 
of  observation;  as  yet,  no  attempt  has  been  made  to  use  it  in 
the  equations  or  theory  of  sound  propagation.  Georges  and 
Young  [1972]  briefly  discuss  the  method  as  applied  to  separa- 
tion of  infrasound  signals  from  the  pressure  fluctuations  asso- 
ciated with  turbulence  and  other  noise. 

In  the  simplest  form  of  the  method,  signals  at  one  or  more 
receivers  are  correlated  by  using  various  time  delays.  The  delay 
giving  maximum  correlation  provides  the  horizontal  velocity 
and  direction  of  the  wave,  and  the  correlation  process  itself 
tends  to  remove  noise  and  maximize  information  in  the  signal. 
However,  the  method  depends  to  a  certain  extent  on  the  exis- 
tence of  a  recognizable  'signature,'  that  is,  on  sufficient  infor- 
mation. A  more  sophisticated  technique  suggested  by  Gossard 
[1967]  depends  on  first  Fourier  analyzing  the  signal  and  then 
correlating  only  the  same  frequency  components.  Although 
the  method  is  useful  for  more  complicated  signals,  it  would 
still  fail,  for  instance,  for  sound  in  the  form  of  a  band  of  white 
noise  and  also  for  the  sound  generated  by  turbulence  aerody- 
namically.  A  separate  and  distinct  method  of  removing  turbu- 
lent pressure  fluctuations  uses  spatial  averaging:  for  a  given 
frequency  range,  acoustic  waves  have  longer  wavelengths 
(higher  speeds)  than  the  turbulence,  allowing  spatial  filtering 
of  'shorter-wavelength'  turbulence. 

We  mention  only  briefly  a  third  approach  that  avoids  the 
whole  problem  of  separating  sound  from  turbulence  by  adopt- 
ing a  form  of  the  random  wave  equation  'by  assumption'  and 
then  studying  its  solutions  for  whatever  cases  of  sound  propa- 
gation may  happen  to  satisfy  it.  This  is  the  approach  followed 
by  the  first  book  of  Tatarskii  [1961]  (the  second  book  [Ta- 
tarskii, 1971]  uses  the  more  correct  approach,  described 
above).  This  approach  is  used  as  well  in  the  early  work  of 
Mintzer  [1953a,  b,  1954].  However,  as  was  remarked  by  Bat- 
chelor  [1957],  'this  procedure  has  its  dangers,  since  mistakes  in 
the  form  of  the  governing  equations  cannot  be  detected  by  the 
usual  checks  on  consistency  of  the  analysis  ...  the  ideas  are 
plausible,  but  actually  they  are  too  simple,  and  lead  to  correct 
results  only  in  special  circumstances.' 
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General  Equations 

The  three  conditions  of  the  first  approach,  described  above, 
that  sound  is  adiabatic  and  rotationless,  whereas  turbulence  is 
incompressible,  could  lead  to  very  general  equations  for  sound 
propagation.  But  since  the  resulting  equations  would  be  quite 
unwieldy,  two  additional  assumptions  are  introduced  that 
abandon  any  attempt  to  treat  both  turbulent  and  nonlinear 
effects  simultaneously.  Let  A  represent  any  normalized  acous- 
tic variable  (random  or  not),  and  7  any  normalized  turbulence 
variable.  Then  the  equations  of  sound  propagation  are  enor- 
mously simplified  if  all  terms  of  order  A2  or  higher  and  all 
terms  of  order  AT2  or  higher  are  dropped. 

Before  giving  the  resulting  equations  we  need  to  introduce 
some  notation  regarding  temporal  and  spatial  wave  number 
space,  in  particular,  the  Fourier  transforms  J,  and  57,  defined 
by 


Fourier  time  transform 

F(k)  =  c0F(w)  =  ff,{/(/)}  =  (2ir)-V„  J     dt  (exp  ikc„l)f(t) 

/(/)  =  3>W))  =  /    \dk  (exp  -ikcot)f(k) 


where  A:  =  w/c0  and  the  dagger  indicates  the  complex  con- 
jugate or  inverse  transform,  and 

Fourier  space  transform 

F(k)  =  ff,{/(x)}  =  (2tt)  3y     d*x  (exp  -<k-x)/(x) 


/(x)  =  5,MF(k)}  =  J    cPk  (exp  ;'k-x)F(k) 


(16) 


where  c0  is  the  constant  sound  speed  in  the  absence  of  turbu- 
lence and  where  k  =  k,  are  the  spatial  Fourier  coordinates. 
After  Fourier  transform  of  functions,  ordinary  multiplications 
transform  into  the  convolution  products  given  by 

Definition  of  one-dimensional  convolutions 

SF.lflOrff)}  =  F(k)  *G(k)=  f   dk'  F(k  -  k')G(kl) 

(17) 
5kHF(k)G(k))  =  f(i)*g(i)=  f    dt'fU  -  t')g(t') 

Definition  of  three-dimensional  convolutions 

$*\f(x)g(x))  =  FXk)OG(k)  =    f    dV  F(k  -  k')G(k') 

r  ( 

5J{F(k)G{k))  =  /(x)©g(x)  =  J     d3x'f(x  -  x')g(x') 

Since  for  the  linear  case  (neglecting  terms  A2)  the  Fourier 
transforms  of  the  acoustic  pressure  pa  and  the  ratio  of  the 
acoustic  density  to  turbulent  density,  palpa,  differ  only  by  a 
constant,  that  is,  pa/p0  =  ypa/pa,  we  will  use  P(k)  for  either. 
(We  note  that  density  changes  are  more  fundamentally  associ- 
ated with  sound  but  that  pressure  changes  are  the  only  true 
observables.)  In  addition  to  neglecting  A2  and  AT2  terms, 
Tatarskii  [1971]  assumed  zero  mean  wind  and  rates  of  change 
of  the  turbulence  very  much  less  than  the  acoustic  frequency 
('frozen  turbulence').  Thus  Tatarskii  [1971]  obtained  the 
acoustic  equation 


(18) 


Acoustic  equation  for  zero-wind 
frozen  turbulence 

V2P  +  k2P  =  2dj(N'8jP)  +  2ikldJdll(M/B/1P)     (19) 

where  N'(x)  is  the  fluctuation  in  refractive  index  and  M'  =  Ml 
=  Wilc„  is  the  time  Fourier  transform  of  the  turbulence  Mach 
vector  given  by  the  fluctuations  of  the  velocity  from  the  mean. 
If  we  write  P0  for  the  acoustic  field  that  would  exist  in  the 
absence  of  turbulence,  the  'Born  approximation'  consists  of 
replacing  P  by  P0  in  the  right-hand  side  of  (19),  that  is,  in  the 
terms  containing  the  fluctuations  N'  and  A/,'.  Then  the  unit 
vector  e  =  e,  normal  to  a  phase  front  of  the  initial  wave  P0  is 
nonrandom.  Consequently,  we  can  write  an  'effective  refractiv- 
ity  fluctuation'  in  the  form  used  by  Monin  [1962]: 

Definition  of  effective  refractivity 

AV  =  A'  -  e-M'  (20) 

Using  the  effective  refractivity  leads  to  a  simplied  form  of  (18), 
that  is. 


('5)       Born  approximation  to  acoustic  equation 


V2Pi  +  k2Px  =  2P,(Ne'd,P0) 


(21) 


where  the  acoustic  field  has  been  split  into  the  initial  and 
scattered  fields,  P  =  P0  +  Pv  If  we  denote  ensemble  averaging 
by  angle  brackets,  then  />,  =  (P,)  +  />,',  and  (PI)  =  0.  We 
should  emphasize  that  only  in  the  Born  approximation  is  it 
true  that  </>,)  =  0  and  />,  =  P' . 

If  sound  is  transmitted  from  (or  received  by)  an  antenna 
fixed  on  the  ground  into  (or  from)  an  atmosphere  moving  with 
some  mean  wind  w,  or  if  the  turbulence  is  not  frozen,  we  can 
no  longer  neglect  time  changes.  But  we  can  obtain  a  more 
general  equation  (see  Appendix  A): 

Acoustic  equation 

V2/>  +  (k  +  iM-V)2P  =  2dj(N'  *  djP) 

+  '2idJ8n[M/*(k-18hP)]  (22) 

where  M  is  the  mean  wind  Mach  vector.  By  using  the  Born 
approximation,  Brown  [1972]  obtained  a  simplified  form  of 
(22),  not  recognizing  that  the  more  general  form  followed 
directly  from  the  A2  and  A  T2  assumptions.  We  emphasize  that 
(22)  permits  both  a  nonzero  mean  wind  and  a  nonnegligible 
evolution  of  turbulence  with  time.  Krasil'nikov  and  Pavlov 
[1975]  and  Goncharov  el  at.  [1976]  have  studied  an  alternative 
Hamiltonian  formulation  that  takes  into  account  gradients  in 
atmospheric  properties. 

All  of  the  above  equations  have  assumed  negligible  shear 
viscosity  pu  and  volume  viscosity  \K,.  Clifford  and  Brown  [1970] 
studied  the  effect  of  nonnegligible  viscosity  on  the  solutions  in 
the  first-order  approximation  (which  will  be  discussed  later). 
Defining  a  length  /„  =  (2p.v  +  \v)l(2p0c0),  these  authors  show 
that  for  /„  «  /0,  viscosity  effects  can  be  accounted  for  in  (21) 
by  replacing  k  by  the  quantity  h  =  k(\  +  iklu)  and  the  effective 
refractivity  Ne'  by  AV  =  (h2/k2)Ne'  (l„  is  the  'inner  scale'  of 
turbulence,  the  size  of  the  smallest  correlations,  or  eddies). 
Since  they  retain  the  imaginary  part  of  h  only  in  the  phase  for 
their  subsequent  analysis,  they  actually  write  down  only  the 
real  part  of  AV-  However,  the  main  result  of  their  analysis  is 
that  for  reasonable  values  of  the  'outer  scale'  of  turbulence  La 
(L0  >  I  m)  the  spectrum  of  turbulence  causes  a  more  rapid 
decay  than  absorption  in  the  first-order  two-dimensional  am- 
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plitude  and  phase  spectra  as  the  magnitude  of  the  two-dimen- 
sional spatial  wave  number  approaches  the  temporal  wave 
number  k.  In  consequence,  most  of  the  single-scattering  results 
found  by  Tatarskii  with  the  restriction  A  «  /„  can  be  applied 
for  the  weaker  condition  X  <  L„.  As  far  as  we  know,  no  similar 
results  have  yet  been  published  for  the  case  of  acoustic  propa- 
gation through  strong  turbulence,  in  which  the  single-scatter 
assumption  becomes  invalid. 

As  was  mentioned  above,  a  number  of  other  authors  have 
extensively  analyzed  the  'random  wave  equation'  or  its  Fourier 
counterpart,  the  random  Helmholtz  equation,  which  may  gov- 
ern the  propagation  of  sound  in  certain  cases.  I  n  the  absence  of 
motion  the  random  wave  equation  merely  replaces  the  static 
sound  speed  c0  by  a  random  speed  c(x,  /).  With  velocity 
fluctuations  w(x,  t)  as  well,  this  approach  requires  replacement 
of  the  time  derivative  8,  by  the  random  'substantial  derivative' 
d,  =  8t  +  w-V.  Analyses  using  the  random  wave  equation 
include  those  of  Neubert  [1970],  Neubert  and  Lumley  [1970, 
1972],  Wenzel  and  Keller  [1971]  (who  also  study  more  general 
sound  equations,  but  not  in  turbulence),  Wenzel  [1972],  and 
Rosenbaum  [1972]. 

Interaction  Mechanisms 

LiKe  many  words,  'propagation'  and  'scattering'  have  a 
number  of  different  meanings.  For  example,  the  particular 
case  of  refraction  of  a  wave  moving  in  the  direction  of  a 
smooth  refractivity  gradient  can  be  called  'coherent  forward 
scatter.'  Here  we  wish  to  use  the  words  only  in  much  more 
restricted  senses.  At  the  same  time,  our  attempt  to  make  the 
terms  more  precise  will  again  result  in  a  more  approximate 
correspondence  with  actual  physical  processes.  We  will  use  the 
following  definition  of  scattering  (one  which  might  better  be 
called  'simple  scattering'):  if  we  produce  an  initial  wave  f0,  if 
we  can  choose  (say,  by  gating)  a  finite  region  of  time,  space,  or 
propagation  direction  in  which  P0  is  zero,  and  if  we  can  find  an 
acoustic  wave  P,  propagating  in  this  region,  then  we  will  call 
Pl  the  'scattered'  wave  produced  by  the  interaction  of  P0  with  a 
volume  Vs  of  scatterers.  The  much  more  complex  process  in 
which  both  P0  and  Pt  propagate  in  the  same  region  and  inter- 
fere with  each  other  will  be  called  simply  'propagation.'  Since 
scattering  spreads  a  part  of  the  initial  energy  flowing  in  one 
direction  into  a  distribution  over  many  directions,  the  magni- 
tude of  the  intensity  of  the  scattered  wave  at  one  scattering 
angle  6S  is  always  very  much  less  than  the  initial  intensity. 
Consequently,  we  can  frequently  treat  scattering  by  the  Born 
or  'single-scatter'  approximation.  The  single-scatter  approxi- 
mation assumes  that  if  a  portion  of  the  wave  has  been  scat- 
tered once  by  the  turbulence,  most  of  the  time  the  scattered 
wave  will  reach  the  receiver  without  being  scattered  again;  the 
approximation  does  not  imply  that  there  is  only  a  single  scat- 
tered a  single  interacting  center.  In  contrast,  the  Born  approxi- 
mation for  propagation  (frequently  called  'line-of-sight'  prop- 
agation) usually  leads  to  more  restricted  predictions,  given 
typical  path  lengths  and  intensities  of  atmospheric  turbulence. 

The  right-hand  side  of  (22)  clearly  shows  that  the  physical 
process  of  acoustic  wave  interaction  with  turbulence  depends 
on  the  fluctuations  in  refractive  index  N',  which  in  turn  depend 
on  fluctuations  in  temperature  T  and  water  vapor  pressure  e', 
and  on  fluctuations  in  the  turbulence  Mach  vector  M'  =  W'/ 
Co-  Consider  first  only  fluctuations  in  temperature.  For  homog- 
eneous turbulence,  Kraichnan  [1953]  showed  that  since  T  fluc- 
tuations are  proportional  to  the  turbulent  pressure  fluctua- 
tions that  are  second  order  in  At',  interaction  with  temperature 
fluctuations  can  be  neglected.  But,  as  usually  occurs  in  the 


atmosphere,  the  existence  of  a  mean  potential  temperature 
gradient  leads  to  a  quite  different  conclusion.  If  both  turbu- 
lence and  potential  temperature  gradients  exist  together,  the 
turbulence  will  mix  particles  of  air  having  different  potential 
temperatures.  In  consequence,  the  resulting  turbulent  mixture 
can  have  normalized  temperature  fluctuations  of  the  same 
order  of  magnitude  as  normalized  velocity  fluctuations.  Note 
that  a  potential  temperature  gradient  rather  than  a  temper- 
ature gradient  is  required.  Also,  note  that  it  is  entirely  possible 
to  have  a  potential  temperature  gradient  with  little  turbulence 
and,  conversely,  to  have  turbulence  due  to  wind  shear  when 
the  mean  potential  temperature  gradient  is  small.  The  require- 
ment of  simultaneous  gradients  and  turbulence  has  consid- 
erable significance  for  the  interpretation  of  monostatic  echo- 
sonde  facsimile  records. 

When  sound  travels  through  a  region  of  random  refractivity 
fluctuations  A",  the  various  points  on  the  phase  fronts  travel 
with  different  random  velocities.  Applying  Huygens'  principle 
to  the  resulting  irregular  phase  fronts  shows  that  a  part  of  the 
energy  flux  is  redirected  into  random  forward  directions  differ- 
ent from  the  direction  of  the  initial  wave.  However,  with  large 
enough  refractivity  gradients,  backward  traveling  or  reflected 
waves  are  also  produced.  For  an  actual  plane  discontinuity  AN 
the  classical  Fresnel  formula  gives  a  power  reflection  coeffi- 
cient T2  equal  to  IY  =  |AA72|2.  For  smooth  refractivity 
profiles  the  power  reflection  coefficient  may  be  obtained  by 
integrating  over  the  profile.  For  a  profile  of  a  layer  of  thickness 
/,  Ottersten  [1970]  found  that  P  is  within  70%  of  T„2  when  l/\ 
<  0.1  but  that  T2  drops  to  less  than  1%  of  IY  when  l/X  >  0.5. 
Thus  if  turbulence  has  sufficiently  large  random  refractivity 
gradients,  sound  will  be  scattered  into  the  backward  hemi- 
sphere as  well  as  into  forward  scatter  angles.  However,  a 
peculiarity  of  acoustic-turbulence  interactions  implies  that  no 
energy  will  be  scattered  at  6S  -  90°  from  either  N  or  M 
fluctuations.  This  peculiarity  arises  from  the  fact  that  the 
derivatives  of  N'  and  M',  as  well  as  N'  and  M'  themselves, 
appear  in  (22),  the  acoustic  equation. 

In  the  discussion  of  the  separation  of  turbulent  motions 
from  sound  waves  we  noted  that  with  a  slow  push  against  the 
atmosphere  the  air  behaves  like  an  incompressible  fluid, 
merely  flowing  around  the  moving  object.  With  a  rapid  push, 
however,  like  that  from  a  transducer  or  an  explosion,  sound  is 
produced.  This  behavior  implies  that  slow  motions  cannot 
couple  with  fast  motions  but  merely  advect  them.  Turbulent 
motions,  then,  produce  a  vector  addition  of  the  random  turbu- 
lence velocity  fluctuations  to  the  phase  velocities  of  the  waves. 
When  the  waves  have  traveled  far  enough  into  the  turbulence 
to  have  random  wave  vectors  in  the  forward  hemisphere,  the 
components  of  the  wave  vectors  in  the  plane  perpendicular  to 
the  initial  direction  of  propagation  may  be  of  the  same  magni- 
tude as  the  turbulent  velocity  fluctuations  and  result,  with  one 
exception,  in  scattering  into  the  backward  hemisphere  as  well. 
The  exception  arises  because  velocities  are  always  merely  the 
vector  sum  of  the  wave  and  turbulence  velocities;  the  only 
components  in  the  pure  backscatter  (or  ds  =  180°)  direction 
are  the  original  turbulence  velocity  fluctuations.  These  fluctua- 
tions do  not  constitute  a  propagating  wave  with  some  nonzero 
mean  frequency  of  oscillation.  Thus  there  will  be  no  backscat- 
ter from  velocity  fluctuations,  and  in  particular,  only  the  re- 
fractivity fluctuations  will  contribute  to  the  signal  in  a  mono- 
static  echosonde. 

We  can  gain  further  insight  into  the  difference  between 
scattering  by  refractivity  fluctuations  and  scattering  by  veloc- 
ity fluctuations  from  the  following  comparison.  As  was  noted 
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above,  a  sufficiently  intense  uniform  refractivity  gradient,  a 
partial  mirror,  will  produce  a  backscattered  wave,  a  partial 
reflection.  Assume  that  we  could  also  arrange  a  uniform  lami- 
nar flow  with  a  gradient  of  velocity  in  the  direction  of  the  flow 
but  without  arjy  change  in  refractivity.  Then,  if  a  sound  wave 
propagated  in  the  direction  of  the  flow,  we  could  expect  only 
an  acceleration  or  deceleration  of  the  phase  fronts  by  the 
advection  of  the  mean  motion.  We  could  not  expect  the  crea- 
tion of  a  backscattered  or  reflected  wave,  since  at  any  point  we 
could  make  a  Galilean  transformation  to  a  local  coordinate 
system  moving  at  each  point  with  the  velocity  of  the  mean 
flow.  Of  course,  the  physical  processes  involved  remain  the 
same  when  we  change  from  uniform  to  random  gradients 
(although  we  must  now  add  diffractive  effects).  We  note  that 
even  when  it  is  mathematically  correct,  the  use  of  the  effective 
refractivity  Ne'  in  place  of  N'  and  M'  conceals  the  physical 
differences  between  refraction  by  A''  and  advection  by  M'. 

Unlike  a  mirror,  the  atmosphere  cannot  sustain  actual  dis- 
continuities in  A''  or  M'.  Both  types  of  fluctuations  remain 
smoothly  varying  and  are  correlated  over  appreciable  dis- 
tances. Customarily,  we  use  the  distance  /0,  the  inner  scale,  as 
the  smallest  distance  for  which  turbulence  retains  inertial 
range  characteristics  and  L0,  the  outer  scale,  as  the  largest 
distance  for  nonnegligible  correlation  of  isotropic  turbulence. 
Measurements  indicate  that  l0  varies  from  a  few  millimeters  to 
about  1  cm,  whereas  L0  lies  between  about  10  m  and  a  few  tens 
of  meters.  However,  as  was  indicated  earlier,  correlations  in 
anisotropic  eddies  may  extend  up  to  several  hundred  meters. 
Thus  even  though  turbulence  is  random,  the  nonzero  correla- 
tion distances  imply  a  quite  different  kind  of  interaction  or 
scattering  than  that  from  a  field  of  randomly  spaced  point 
scatterers.  As  long  as  the  wavelength  X  is  no  greater  than  L0, 
waves  scattered  from  nearby  regions  can  interfere  both  con- 
structively and  destructively  to  produce  a  partially  coherent 
scattered  wave.  Thus  the  interaction  itself  can  be  described  as  a 
'coherent  scattering  process.'  Such  a  process  is  due  to  the 
integrated  effect  of  many  small  scatterings  over  a  nonzero 
region  of  space.  Note  the  distinction  between  a  coherent  wave, 
as  described  in  the  chapter  on  partial  coherence  by  Wolf  [Born 
and  Wolf,  1970],  and  the  process  of  coherent  scattering. 

One  practical  consequence  of  the  above  distinction  is  that 
for  typical  acoustic  wavelengths  the  intensities  in  coherent 
scattering  are  very  much  larger  than  those  in  incoherent  scat- 
tering, such  as  Rayleigh  scattering.  A  second  consequence  is 
that  for  backscattering  the  refractivity  fluctuations  can  be 
treated  as  if  they  were  a  set  of  partially  reflecting  parallel 
mirrors  with  a  spacing  equal  to  A/2.  Or  more  generally,  and 
for  any  scattering  angle,  the  turbulence  can  be  treated  as  a 
regular  crystal  lattice  with  a  lattice  spacing  /  satisfying  the 
Bragg  condition  /  =  (A/2)/sin  (6„/2).  As  long  as  (A/2)  <  Z.„,  we 
can  decompose  the  random  turbulence  field  by  a  spatial  Fou- 
rier transform  and  find  a  Fourier  component  that  will  satisfy 
the  Bragg  condition  and  produce  coherent  scattering.  It  is  for 
this  reason  that  Fourier  transforms,  and  the  three-dimensional 
spatial  spectrum  of  the  fluctuations,  play  such  a  major  role  in 
the  theoretical  analysis  of  the  interaction  of  sound  with  turbu- 
lence. 

Before  turning  to  the  particular  processes  of  scattering  and 
propagation  we  need  to  consider  briefly  the  kinds  of  measure- 
ments made  on  sound.  Unlike  measurements  in  optical  propa- 
gation, in  which  the  wave  itself,  that  is,  the  combined  ampli- 
tude and  phase,  is  difficult  to  observe,  acoustical  wave  and 
phase  measurements  (such  as  those  of  Mandics  [1971]  or 
Brown  and  Keeler  [1975])  can  be  performed  fairly  easily.  But 


even  so,  most  measurements,  especially  with  echosondes,  are 
restricted  1o  those  of  acoustic  power  and  the  acoustic  power 
spectrum.  Thus  we  need  to  define  two  quantities,  the  power,  or 
the  acoustic  energy  flow  rate  per  unit  cross-sectional  area, 
S(x),  and  the  power  spectrum,  or  the  power  spectra!  density, 
/(x,  k),  the  amount  of  energy  flux  per  unit  frequency  interval 
per  unit  cross-sectional  area.  Since  p(x,  t)  is  the  force  per  unit 
area  and  u(x,  t)  is  the  displacement  per  unit  time,  the  product 
p(x,  t)u(x,  t)  is  the  instantaneous  energy  flux  per  unit  area  in 
the  direction  of  u.  (Note  that  we  are  considering  the  real 
acoustic  pressure  and  velocity  rather  than  the  complex  equiva- 
lents.) For  propagation  of  single-frequency  CW  sound 
through  a  nonrandom  medium  the  energy  flux  density  of  inter- 
est is  the  average  of  p(x,  /)u(x,  /)  over  a  cycle.  But  this  defini- 
tion becomes  useless  for  multifrequency  sound  and  for  sound 
interacting  with  random  velocity  fluctuations  in  the  turbulent 
atmosphere.  Instead,  we  consider  propagation  and  scattering 
of  sound  pulses  with  a  pulse  length,  say,  /p,  which  requires  us 
to  use  one  of  two  types  of  'gating'  of  the  received  signal. 

For  propagation  we  are  interested  in  'time  gating,'  that  is, 
turning  the  receiver  on  and  off  for  a  period  lp/c0  about  the  time 
T  that  the  pulse  passes  by.  Although  it  is  less  obvious,  we  are 
interested  only  in  a  similar  measurement  for  scattering.  If,  for 
instance,  we  consider  backscattering,  for  each  range  R  the 
scattered  signal  from  a  pulse  of  length  lp  comes  from  a  region 
of  thickness  /p/2;  thus  /p/2  is  the  minimum  spatial  resolution 
of  the  atmosphere,  and  the  corresponding  region  produces  a 
scattered  signal  of  length  lp.  For  scattering,  then,  we  are  inter- 
ested in  'range  gating,'  that  is,  in  the  average  of  the  received 
signal  for  a  period  lp/c0  about  the  time  2R/c0.  This  average 
gives  us  all  the  information  that  we  can  obtain  on  the  lp/2 
thick  slab  of  the  atmosphere  at  the  range  R.  Thus  for  both 
propagation  and  scattering  the  acoustic  power  of  interest  is  the 
time  average  of  the  instantaneous  power  at  times  T  or  2R/c0 
over  the  pulse  length  lp  averaged  over  the  ensemble  of  pulses: 


Acoustic  energy  flux  density 


S(x)  =  /p-'c 


dt  (p(x,  /)u(x,  i)) 


(23) 


If  we  express  p(t)  and  u(t)  in  terms  of  their  Fourier  trans- 
forms P(k)  and  U(k)  =  -ik'^VPik)  and  if  we  assume  that 
there  are  many  wavelengths  in  a  pulse  length  (in  practice,  at 
least  10),  (23)  can  be  rewritten  as 

Fourier  form  of  acoustic  energy  flux  density 

S(x)  =  0//p)  J    dk{F(k)[-ik   'VP(k)})        (24) 

If  in  addition  we  assume  that  P{k)  is  not  too  broad,  we  can 
make  the  approximation  —ik~ir7P(k)  *  cP(k),  where  e  is  a 
unit  vector  in  the  direction  of  S,  giving 

Approximate  vector  acoustic 
energy  flux  density 


S(x)  =  e(2 


r/lp)  f 


dk  (P(k)P(k)) 


(25) 


or,  if  we  define  5(x,  6S)  =  e-S(x)  with  B,  the  direction  of  S, 
Scalar  acoustic  energy  flux  density 

S(x,  0.)  =  (2tt//p)  f     dk  (P(k)P(k))  (26) 
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In  statistical  theory  the  'power  spectral  density'  of  a  func- 
tion is  denned  as  the  Fourier  transform  of  the  autocovariance 
of  the  function.  Texts  such  as  those  of  Jenkins  and  Walts 
[1968]  or  Koopmans  [1974]  show  that  the  basic  definition  can 
be  modified  sufficiently  to  account  for  nonergodic,  or  even 
nonstationary,  processes.  Brown  and  Clifford  [1973a]  have 
shown  that  such  methods  can  also  be  applied  to  a  sequence  of 
pulses,  essentially  by  omitting  the  periods  of  time  between 
pulses  that  are  of  no  interest.  Their  method  consists  of  a 
double  averaging  procedure:  the  product  of  two  pressures  with 
a  time  delay  t  between  them  is  averaged  in  time  over  each 
pulse,  creating  an  ensemble  of  random  functions  of  r  alone 
with  the  starting  time  of  each  pulse  now  reduced  to  being 
merely  a  label  for  each  member  of  the  ensemble;  then  the 
doubly  averaged  function  is  Fourier  transformed  from  t  to  k 
to  obtain  the  power  spectral  density.  Using  such  an  'inter- 
mittent' autocovariance  of  the  acoustic  pressure,  they  show 
that  the  statistical  power  spectral  density  of  the  pressure  is 
given  by 


Power  spectral  density 


/(*)  -  (2ir/l„)(P(k)F^(.k)) 


(27) 


Comparing  (27)  with  (26),  we  see  that  the  total  power  (per  unit 
area)  is  just  the  integral  of  I(k)  over  all  wave  numbers: 

Relation  between  spectrum  and  energy  flux 


Six) 


•c 


dkl(k) 


(28) 


that  is,  I(k)  is  just  the  density  of  S(x)  in  frequency  space.  Thus 
the  statistical  power  spectral  density  of  the  pressure  is,  in  fact, 
the  acoustic  power  spectral  density,  the  rate  of  energy  flow  per 
unit  area  per  unit  frequency  interval.  We  note  that  for  CW 
sound  of  wave  number  k0  and  with  no  spectral  broadening, 
(27)  reduces  to  /(x,  k)  =  S(\)5(k  -  k0),  where  5(A:  -  k0)  is  the 
Dirac  measure.  (We  prefer  the  term  'measure'  rather  than 
'function,'  since  a  function  is  an  object  that  gives  back  a 
number  (the  'value'  of  the  function)  whenever  a  number  (the 
variable)  is  put  into  it.  This  description  is  not  useful  for  &(k) 
which,  as  a  function,  has  the  value  0  for  all  k  ^  0  and  is 
undefined  for  k  =  0.  But  as  a  measure  for  integration  or  as  a 
'unit'  for  convolution  products,  5(k)  has  the  valuable  property 
6(k  -  k0)  *  F(k)  =  F(k  -  k0)  for  any  function  F(k).) 

Scattering 

Scattering  of  sound  by  atmospheric  fluctuations  in  N  and  M 
is  the  physical  mechanism  underlying  the  operation  of  the 
echosonde.  Measurement  of  the  characteristics  of  the  received 
signal  and  comparison  with  the  known  properties  of  the  trans- 
mitted signal  provide  all  the  information  acoustically  obtain- 
able about  the  atmosphere  in  the  scattering  volume  V,  at  the 
range  R.  Such  a  comparison  must  be  made  in  several  steps: 
first,  comparison  of  the  scattered  energy  flux  density  with  the 
energy  flux  density  incident  on  V,\  second,  determination  of 
the  changes  in  the  energy  flux  densities  due  to  diffraction 
spreading  going  to  and  from  transmitting  and  receiving  an- 
tennas, molecular  absorption,  and  effects  of  mean  motions; 
and  third,  determination  of  the  relations  between  acoustic 
signals  and  electrical  signals.  If  tt  is  the  solid  angle  in  the 
direction  8S  into  which  the  energy  flux  density  is  scattered  and 
if  ls  is  the  thickness  in  the  direction  of  incidence  of  the  volume 
of  scatterers,  then  V,  =  SIR1!,.  Thus  we  can  compare  incident 


and  scattered  radiation  at  the  scattering  volume  by  defining 
the  scattering  cross  section  as  the  ratio  of  the  scattered  energy 
flux  density  S(x,  8,)  per  unit  solid  angle  per  unit  thickness  of 
scatterers  to  the  incident  energy  flux  density  S0(x)  or  by  using 
the  above  expression  for  V,\ 

Definition  of  scattering  cross  section 

<r.(0.)  =  R>S(0.)/(VsSo)  (29) 

We  note  that  for  a  plane  wave,  50(x)  =  (2p0Co)"l/402(x),  where 
A0  is  the  amplitude  of  P0. 

If  we  introduce  the  incompressibility  condition  into  the 
relation  between  wave  scattering  and  the  inertial  range  three- 
dimensional  spectrum  of  turbulence  and,  in  addition,  use  (21), 
the  Born  approximation  to  the  acoustic  equation,  we  can 
obtain  an  exact  solution  for  a,(83).  The  Green's  function  for 
the  wave  equation  is  the  function  satisfying  the  elementary 
equation 


VJG  +  k02G  =  6(x) 


(30) 


where  5(x)  is  the  spatial  Dirac  measure.  With  an  obvious 
notation  we  have  5(x)  =  5(x)8(y)6(z)  in  Cartesian  coordinates. 
The  well-known  solution  of  (30)  is  the  Green's  function 


C(x,  k0)  =  (-exp  ik„R)/(4*R) 


(3D 


where  R  =   |x|.  In  terms  of  G  the  Born  solution  of  (21)  for 
frozen  turbulence  and  zero  mean  wind  becomes 


Born  approximation 

/>,(x,  k0)  =  2G©v-(yvyv/>0) 


(32) 


where  the  three-dimensional  x  space  convolution  is  defined  in 
(18). 

Introducing  (32)  into  (26)  and  (29)  gives  the  inertial  range 
scattering  cross  section  as  expressed  by  Monin  [1962]  (with  our 
slight  revision  to  include  the  effect  of  water  vapor): 

Inertial  range  scattering  cross  section 

os(8s)  =  l.52*o"3cos'0.|O.I3CnJ 


+  coss  (0./2)C7(4c„2)>[2  sin  (0„/2)] 


(33) 


where  C„a  depends  on  temperature  and  water  vapor  fluctua- 
tion intensities  according  to  (6).  We  see  that  when  6S  =  90°, 
the  scattering  cross  section  vanishes  and  when  8S  =  180°,  only 
the  fluctuations  in  N  contribute  to  a,.  We  remark  that  since  the 
size  /  of  a  turbulent  eddy  contributing  to  the  scattering  is  /  = 
(X/2)/sin  (8,/2)  and  since  /  —  °°  as  8,  —  0,  points  near  8S  =  0 
can  never  admit  far  field  scattering  (the  far  field  is  given  by  R 
^  2/VA);  in  particular,  we  can  no  longer  use  (33)  for  propaga- 
tion. We  should  expect  some  changes  in  a,(8s)  when  the  mean 
wind  is  no  longer  zero  even  if  the  frozen  turbulence  condition 
applies  in  a  coordinate  system  moving  with  the  mean  wind. 
Clifford  and  Brown  [1974]  have  found  the  principal  effect,  a 
shift  in  the  position  of  the  zero  cross  section  at  8S  =  90°  to  a 
nearby  angle,  resulting  from  rotations  of  the  wave  vectors  of 
the  initial  and  scattered  waves.  Figure  10,  from  their  paper, 
gives  a  typical  example  of  the  effect  and  shows  that  large 
fluctuations  may  occur  in  measurements  near  8S  =  90°.  For 
backscattering  and  near  backscattering  the  presence  of  a  mean 
wind  makes  little  change  in  a,. 

The  remaining  steps  in  the  comparison  of  received  power 
with  transmitted  power  can  be  expressed  in  what  Neff[\975a] 
has  called  the  'echosonde  equation,'  in  analogy  to  the  electro- 
magnetic 'radar  equation.'  With  a  narrow  angular  width  trans- 
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mitting  beam,  diffraction  loss  in  the  initial  energy  flux  density 
can  be  small  over  the  transmitting  beam  path  length  R0.  The 
scattered  sound,  however,  is  always  subject  to  such  losses, 
which  in  the  far  field,  result  in  a  factor  RB~2.  Both  transmitted 
and  received  beams  are  attenuated  by  molecular  absorption 
over  their  respective  paths.  Following  the  approach  of  Light- 
hill  [1953],  Huang  [1976]  has  shown  that  when  a  scattering 
volume  moves  away  from  or  toward  a  transmitter,  the  rate 
that  energy  is  received  at  the  volume  is  decreased  or  raised, 
respectively.  A  similar  effect  occurs  between  the  scattering 
volume  and  the  receiver.  If  e0  is  a  unit  vector  in  the  direction  of 
the  transmitted  wave,  the  initial  energy  flux  density  is  changed 
by  the  factor  (I  +  Co-M)1  on  traveling  to  the  scattering 
volume.  And  if  e„  is  the  unit  vector  at  Vs  in  the  direction  of  the 
receiver,  the  scattered  energy  flux  density  is  changed  by  the 
factor  (I  -  e^M)'1  on  traveling  to  the  receiver.  At  the  same 
time  the  pulse  length  is  stretched  by  the  mean  wind  in  such  a 
way  that  the  scattering  volume  referred  to  pulse  lengths  and 
beam  widths  at  the  ground  is  also  changed  by  the  factor  (I  + 
e0-M)'.  Thus  in  a  comparison  of  transmitted  and  received 
powers,  only  the  factor  (1  —  es-M)~'  «  1  +  es-M  remains. 
(This  is  exactly  the  factor  obtained  by  Huang  and  given  in  his 
notation  by  [1  -  M  cos  (0  —  0 )]"'.)  Despite  the  changes  in 
energy  flow  rate,  no  energy  is  lost  or  gained.  Since  we  are 
considering  only  linear  sound  propagation,  the  total  energy  is 
merely  stretched  differently  over  the  time-varying  ranges  be- 
tween the  ground  and  the  scattering  volume.  For  energy  reflec- 
tion from  a  rigid  moving  mirror  the  change  in  energy  flow  rate 
would  be  twice  that  in  scattering  from  Vs,  corresponding  ex- 
actly to  the  Doppler  frequency  shift.  Here,  when  crM  is 
positive,  the  stretching  of  V,  by  the  wind  compensates  for  the 
decrease  in  transmitted  power  due  to  the  same  wind,  leaving 
only  the  decrease  in  flow  of  the  scattered  radiation  to  the 
receiver. 

If  we  use  (PH  for  received  electrical  power,  tH  for  efficiency  of 
acoustic-to-electrical  conversion,  (Pr  for  transmitted  power,  iT 
for  efficiency  of  electrical-to-acoustic  conversion,  a  for  the 
effective  intensity  attenuation  coefficient  in  nepers  per  meter, 
AR/RS2  for  the  solid  angle  subtended  by  the  antenna  aperture 
/4ft  in  square  meters  at  the  range  R„,  AT  for  the  transmitter 
area,  Ac  for  the  area  common  to  both  transmitter  and  receiver 
beams,  and  g  for  the  antenna  directivity  gain  factor,  we  can 
write 

Echosonde  equation 

(PrAr  =  (t&t  exp  [-<*(/?„  +  R$)] 

■  (1  +  es-M)G(08X/P/2)(iMft//?82V,(0s)        (34) 

The  dimensionless  aspect  factor  <2(0S)  equals  1  for  monostatic 
echosondes  and  approximately  equals  AC/AT  for  angles  near 
180°.  For  the  general  bistatic  case,  exact  values  of  Ct  require 
computer  solutions,  such  as  those  given  by  Thomson  and  Coul- 
ter [1974].  We  can  immediately  check  that  (34)  is  merely  the 
definition  of  a,  in  (29),  rewritten  with  the  substitution  of  the 
relations  between  energy  fluxes  at  Vs  and  those  at  the  trans- 
mitter and  receiver.  (Note  that  for  backscatter,  e8  =  -e,,.) 
Equation  (34)  represents  the  key  link  between  theory  and 
experiment,  the  link  between  echosonde  electrical  power  mea- 
surements and  the  values  of  C2  and  Cv2  appearing  in  the 
theoretical  relationships  between  wave  scattering  and  turbu- 
lence. 

In  an  early  paper.  Ford  and  Meecham  [1960]  studied  the 
power  spectral  density  I(k)  expected  at  an  angle  6„  from  scat-. 
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Fig.  10.  Typical  deformation  in  the  scattering  cross  section  due  to 
a  15  m  s  '  mean  wind,  where  7  =  C„27"02/Cr2c02  [from  Clifford  and 
Brown,  1974]. 


tering  from  velocity  fluctuations  alone.  They  assumed  that 
since  the  scattering  depends  on  eddies  of  order  of  magnitude 
X/2,  if  A  «  L0  (with  L0  the  outer  scale),  an  approximate 
separation  can  be  made  of  small,  scattering  eddies  from  large 
eddies  advecting  the  small  ones.  Such  a  condition  can  be  called 
the  'locally  frozen'  hypothesis.  And  by  making  a  local  Galilean 
transformation  to  the  advecting  velocity  coordinate  system  we 
can  apply  the  usual  locally  isotropic,  homogeneous,  inertial 
range  turbulence  spectra.  If  K  is  the  wave  scattering  vector 
given  by  /((e,,  -  cs)  with  K  =  2k0  sin  (0s/2)  (the  Bragg  condi- 
tion), if  Mt  is  the  Mach  vector  of  the  large-scale  eddies,  and  if 
t  is  the  time  delay  introduced  into  the  correlations  by  the 
large-scale  motion,  the  time-varying  turbulence  spectrum  is 
related  to  the  locally  fixed  spectrum  by 


Locally  frozen  turbulence  spectrum 

*y(K,  r)  =  (exp  (/K-Mt<v))v*./K) 


(35) 


where  the  angle  brackets  with  subscript  V  indicate  a  volume 
average  of  the  large-scale  motions. 

Using  (35),  Ford  and  Meecham  obtain  I(k)  for  velocity 
scattering.  But  by  assuming  the  Born  approximation  and  using 
the  effective  refractivity  Ne'  we  can  extend  their  result  to  both 
velocity  and  refractive  index  fluctuations.  Then  I(k)  can  be 
written  in  the  form 


l(k  -  k0)  =  S(x,  *)ffr(exp  (;K-M,c„t))v 


(36) 


Tatarskii  [1971]  follows  essentially  the  same  procedure  and 
obtains  the  same  result.  If  we  now  assume  that  the  components 
of  Mt  have  Gaussian  probability  distributions,  we  can  use  the 
identity  (exp  x)  =  exp*  exp(l/2(jr'2)),  where  x  =  x  +  x'  and  x 
=  (x),  with  the  result  that  (36)  becomes 

Gaussian  form  of  locally  frozen 
turbulence  spectrum 


l(k)  =  S(x)[27r<(K-Mt')2>r"2  exp  [-(* 

-  *„  +  K-MI.y>/2((k-ML,y)] 


(37) 
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Fig.  1 1 .     Equivalent  width  b,  of  the  backscattered  spectrum  broadened  by  the  effect  of  the  mean  wind;  \p  is  the  half-angle 

beam  width. 


Equation  (37)  is  exactly  the  result  given  by  Tatarskii  [1971,  p. 
130]  if  we  write  K2o-M2  =  3((K-Mi')2),  where  aM2  is  the  variance 
of  the  components  of  the  Mach  vector  in  the  direction  of  the 
scattering  vector  K. 

When  acoustic  wave  fronts  propagate  through  or  are  scat- 
tered by  turbulence,  the  fronts  acquire  random  bumps  and 
irregularities.  And  as  these  irregularities  drift  across  the  path, 
the  phase  will  change  in  time,  and  the  instantaneous  frequency 
d<p/dt  also  will  fluctuate.  Thus  the  observed  signal  will  undergo 
a  spectral  broadening  dependent  on  the  magnitude  of  the 
mean  transverse  wind.  Ho  and  Kovasznay  [1976a]  have  made 
an  experimental  study  of  the  advection  by  the  mean  flow  of  the 
diffraction  patterns  created  by  turbulence  in  a  beam  of  sound 
that  appears  to  give  some  information  on  the  phenomenon 
underlying  such  spectral  broadening  by  the  transverse  motion 
of  the  distorted  wave  fronts.  If  we  set  ML'  =  0  in  (35)  or  (37), 
l(k)  does  not  reduce  to  the  broadened  spectrum  caused  by  the 
mean  wind  alone.  Such  a  step  reduces  the  Gaussian  function  in 
(37)  to  a  Dirac  measure  and  suggests  that  I(k)  -  S(x)6(k  —  k0 
+  K-M),  that  is,  that  I(k)  is  an  unbroadened  spectrum,  one 
merely  Doppler  shifted  in  position  by  the  wind.  The  discrep- 
ancy arises  because  the  locally  frozen  approach  neglects  phase 
fluctuations. 

A  more  careful  analysis  would  both  include  phase  fluctua- 
tions and  make  use  of  the  locally  frozen  hypothesis  to  deter- 
mine the  effect  on  the  scattered  frequency  spectrum.  Brown 
[1974a]  has  only  combined  phase  fluctuations  with  the  frozen 
turbulence  assumption  (Taylor's  hypothesis)  to  determine 
I(k).  His  study  considers  a  finite  scattering  volume  V„  defined 
by  a  finite  pulse  length  lp  and  a  finite  receiver  half  beam  width 
\p.  Because  of  the  finite  beam  width,  not  all  the  scattering 
elements  lie  at  ds  =  180°,  and  thus  both  refractivity  fluctua- 
tions and  velocity  fluctuations  contribute  to  the  spectrum.  A 
finite  length  pulse  will  have  a  nonzero  spectral  width.  Also,  but 
to  a  smaller  extent,  the  finiteness  of  V„  will  broaden  the  spec- 
trum. Thus  Brown's  study  includes  all  broadening  mechanisms 
other  than  the  advection  of  scattering  eddies  by  larger  eddies. 
Figure  1 1  shows  the  equivalent  width  bB  of  the  wind-broad- 
ened backscatter  spectrum.  We  remark  that  oversight  of  the 
additional  factor  k0~'  appearing  in  the  part  of  Brown's  solu- 


tion symbolized  by  Hm  led  to  an  incorrect  comment  on  k0 
dependence.  The  spectra  of  Ford  and  Meecham,  Tatarskii, 
and  Brown  all  have  the  k0 ~2/3  dependence  to  be  expected  in  an 
energy  flux  density  per  unit  wave  number,  since  the  energy  flux 
density  itself  varies  as  k0,n.  An  analysis  that  included  all  effects 
by  first  applying  the  locally  frozen  hypothesis  in  a  coordinate 
system  moving  with  the  mean  wind  and  then  transforming  to  a 
fixed  system,  as  was  done  by  Brown,  would  be  a  valuable 
contribution  to  turbulent  scattering  theory. 

Propagation 

We  now  consider  the  problem  of  sound  traveling  over  a 
path,  where  the  'forward  scatter'  waves  continually  interfere 
with  the  propagating  initial  wave  and  where  the  cumulative 
effects  of  phase  fluctuations  change  the  nature  of  the  solutions. 
We  have  already  noted  the  result  of  Clifford  and  Brown  [1970], 
that  the  solutions  for  the  various  statistical  properties  of  the 
wave  for  weakly  interacting  sound  and  turbulence  that  have 
been  obtained  with  the  condition  X  «  /„  can  be  extended  to 
hold  under  the  much  weaker  condition  X  <  L0.  The  signifi- 
cance of  the  inequality  X  «  l0  is  immediately  apparent.  Since 
we  can  rewrite  the  Bragg  condition  2  sin  (0s/2)  =  X/l  in  the 
form  8S  =  X/l  when  8S  is  small,  the  inequality  requires  that  6S  = 
X/l  <  X//0  «  1  for  an  eddy  of  size  /.  That  is,  all  the  eddies 
'scatter'  into  angles  negligibly  different  from  zero.  For  this 
reason  an  analysis  treating  fluctuations  of  phase  in  the  direc- 
tion of  propagation,  fluctuations  that  vary  randomly  over  the 
surfaces  perpendicular  to  the  direction  of  propagation,  pro- 
vides a  far  better  model  for  propagation  through  turbulence 
than  scattering  theory  does.  We  reemphasize  that  'eddy  size' 
refers  to  the  spatial  Fourier  decomposition  of  the  turbulent 
fluctuation  field,  not  to  actual  'blobs'  in  the  atmosphere.  The 
Kolmogorov  spectrum  for  inertial  range  turbulence  implies 
that  increasing  the  eddy  size  /  =  2ttk~'  means  increasing  the 
fluctuation  in  effective  refractivity  Ne.  Thus  the  largest  eddies 
cause  the  greatest  phase  fluctuations  in  the  direction  of  propa- 
gation and  the  smallest  values  of  8S.  The  difference  between  the 
inequality  X  «  /0  and  the  inequality  X  <  L0  given  by  Clifford 
and  Brown  [1970]  appears  then  as  a  difference  between  a  kine- 
matic condition  and  a  dynamic  condition.  The  first  inequality 
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permits  no  scattering  at  large  angles,  whereas  the  second  re- 
quires only  that  the  energy  flow  scattered  into  large  angles  be 
negligible. 

The  above  discussion  does  not  touch  on  the  role  of  ampli- 
tude  fluctuation!*-^  propagation.  Figure  1  depicted  in  a  sche- 
matic fashion  both  the  increasing  random  irregularities  in  the 
phase  fronts  (shown  by  the  darker  lines)  and  the  wave  ampli- 
tudes (indicated  by  the  varying  thickness  of  the  lines)  as  a 
plane  wave  travels  through  turbulence.  The  fluctuations  in 
amplitude  arise  because  random  changes  in  the  wave  vectors 
normal  to  the  phase  fronts  cause  interference  at  various  dis- 
tances farther  along  the  path.  We  will  see  later  that  for  weakly 
interacting  turbulence  the  most  effective  eddies  for  creating 
interference  at  the  path  length  L  in  a  spherical  wave  from  a 
transmitter  at  the  beginning  of  the  path  are  those  of  half 
Fresnel  zone  size  (XL)u2/2  lying  at  the  center  of  the  path,  L/2. 
Since  these  dimensions  correspond  with  an  interference  angle 
X/{XL)1'2  =  (X/L)1'2,  we  must  also  require  that  (X/L)1'2  «  1. 
Clearly,  the  latter  requirement  is  satisfied  under  any  practical 
conditions,  and  only  the  inequality  X  <  L0  needs  consid- 
eration. Ho  and  Kovasznay  [1976ft]  have  found  experimental 
confirmation  that  in  weakly  interacting  turbulence  the  statisti- 
cal properties  of  the  wave  retain  the  same  form  under  the 
relaxed  condition  X  <  L0.  The  results  change  drastically,  how- 
ever, when  we  turn  to  strongly  interacting  sound  and  turbu- 
lence. Not  only  do  the  statistical  properties  obtained  with  the 
Rytov  approximation  become  quantitatively  incorrect,  but  en- 
tirely new  phenomena  appear.  We  will  call  one  such  phenome- 
non 'turbulent  saturation'  (to  distinguish  the  term  from  non- 
linear saturation),  which  we  discuss  later  in  this  section. 
Analysis  of  sound  propagation  in  'strong  turbulence'  has  re- 
quired entirely  new  theoretical  techniques,  such  as  the  Markov 
approximation.  At  this  time,  such  techniques  still  depend  on 
the  assumption  X  «  /0.  Thus  the  degree  of  approximation  and 
the  errors  involved  in  applying  the  theoretical  results  from 
optical  propagation  to  acoustic  propagation  in  strong  turbu- 
lence are  unknown.  However,  we  will  use  these  theoretical 
results  with  the  excuse  that,  at  the  moment,  we  have  nothing 
better. 

Since  for  propagation,  P„  does  not  vanish  identically  in  the 
region  of  interest,  we  can  define  logarithmic  quantities  in  the 
following  way: 

Logarithmic  wave  function 

\Kx,  k)  =  In  (P/P0)  =  x  +  /'A0  (38) 

Log-amplitude  function 

X(x,  k)  =  \n(A/A0)  *>  A'/A0  (39) 

Phase  function 


A(£(x,  k)  =  <t>  -  0O  =  <f>' 


(40) 


When  the  random  wave  equation  is  transformed  into  an  equa- 
tion for  $,  as  was  done  by  Tatarskii  [1971,  sect.  45],  the 
approximation  of  first  order  in  iVe',  called  the  Rytov  approxi- 
mation, holds  for  somewhat  longer  path  lengths  or  somewhat 
greater  turbulence  intensities  than  does  the  Born  approxima- 
tion. As  an  additional  convenience  the  real  and  imaginary 
parts  of  ^  immediately  give  the  amplitude  and  phase  fluctua- 
tions. Tatarskii  [1961,  1971],  R,  W.  Lee  and  J.  C.  Harp  [1969], 
and  Clifford  [1971],  among  others,  have  obtained  a  number  of 
the  statistical  properties  of  a  propagating  wave  in  the  'weak 
turbulence,'  or  Rytov  approximation,  limit. 
Before  quoting  some  of  the  results  on  statistical  properties 


for  weak  turbulence  we  need  to  introduce  the  structure  param- 
eter Cne2  of  the  effective  refractivity  fluctuations  Ne'.  From 
Tatarskii  [1971]  we  can  write 


Effective  refractivity  structure  constant 

C    2=C2'+C2/r2 


(41) 


We  should  note  that  the  numerical  constants  appearing  in  the 
scattering  cross  section  in  (33)  differ  from  those  in  (41 ),  since 
N,,'  is  a  function  of  the  angle  between  the  wave  normal  and  the 
fluctuating  wind.  More  important,  Cn2  is  a  function  of  posi- 
tion, especially  on  vertical  paths,  and  the  structure  constants 
CT2,  Cy,  CeT,  and  C„2  contributing  to  Cne2  according  to  (6) 
vary  differently  with  altitude,  as  is  shown  in  the  example  in 
Figure  6.  We  can  considerably  simplify  the  display  of  the 
results  by  following  Brown  and  Keeler  [1975]  and  introducing 
various  weighted  integral  averages  of  Cn2  over  the  path.  Such 
weightings  depend  on  whether  the  waves  are  plane  or  spheri- 
cal, indicated  by  subscripts  p  ot  s.  The  weightings  also  depend 
on  whether  the  averages  are  to  be  used  in  amplitude  or  phase 
statistical  properties,  which  will  be  given  the  respective  sub- 
scripts x  and  0.  We  observe  that  on  vertical  paths,  where  Cne2 
varies  strongly  with  height,  some  of  the  weighted  averages 
depend  on  whether  the  beginning  of  the  integration  path  is 
elevated  or  on  the  ground.  To  avoid  confusion  we  will  always 
consider  a  transmitter  located  at  the  point  5  =  0  and  a  receiver 
at  the  point  s  =  L.  With  these  precautions  we  can  write  the 
appropriate  weighted  averages  of  Cne2  in  the  following  forms: 

Plane  wave  average  Cne2  for  phase  properties 

[C«2UP  =  L-l[    dsCne2(s)  (42) 

Jo 

Spherical  wave  average  Cne2  for 
phase  properties 


[Cn 


=  L 


1  [    ds 

Jo 


[s/L]6,3Cne2(s) 


Plane  wave  average  Cne2  for 
amplitude  properties 


[Cn 


f    ds[ 

Jo 


1  -  s/LY"Cne2(s) 


(43) 


(44) 


Spherical  wave  average  Cne2  for 
amplitude  properties 


[Cn 


rs=    L~ 


Jo 


ds  [(5/Z.)(l  -  s/L)]"°Cne2(s)       (45) 


When  Cne2  is  constant,  integration  for  the  last  three  averages 
introduces  the  respective  factors  |,  rr,  and  the  beta  function  of 

V,  «(*,  V)  =  rwim 

As  sound  travels  along  a  path  from  a  transmitter  at  5  =  0  to 
a  receiver  at s  =  L,  the  turbulent  interactions  produce  random 
fluctuations  in  the  pressure  (that  is,  in  both  the  amplitude  and 
the  phase  of  the  pressure)  over  the  surfaces  orthogonal  to  the 
direction  of  propagation.  Let  x  be  a  point  on  the  axis  of 
propagation  at  a  distance  s  from  the  source  and  p  a  vector 
perpendicular  to  the  axis  having  a  magnitude  p.  If  the  turbu- 
lence is  locally  homogeneous  and  isotropic  in  the  three-dimen- 
sional space,  then  the  wave  will  be  statistically  homogeneous 
and  isotropic  in  the  two-dimensional  orthogonal  surfaces.  For 
turbulent  propagation,  the  important  quantities  are  correla- 
tions of  wave  properties  at  pairs  of  points  x,  x  +  p  expressed  as 
functions  of  p,  s.  Perhaps  the  most  fundamental  function  in 
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propagation  is  the  one  called  'modulation  transfer  function'  in 
optical  theory  and  'mutual  coherence  function'  in  communica- 
tions theory.  We  will  define  this  function  2DZ  as 


Definition  of  mutual  coherence  function 

M,(p,s)  =  (P(x)P<(x  +  p)> 


(46) 


We  will  define  the  various  other  structure  functions  and  covar- 
iances  in  a  similar  manner: 

Logarithmic  wave  structure  function 

Dil/>,  s)  =  (|ftx  +  p)  -  MO  ft  =  Dx  +  D*        (47) 

Phase  structure  function 


Di(p,s)  -  ([<t>(x  +  p)  -  4>(x)]2) 
Log-amplitude  covariance 


(48) 


Bx(q,  s)  =  (X(x  +  p)x(x)>  =  «xx2  -  JZ)x(p,  s)        (49) 


Log-amplitude  variance 


a2(s)  =  BJO,  s) 


(50) 


Experiments  show  that  the  phase  fluctuations  in  propagation 
have  approximately  normal,  or  Gaussian,  probability  distribu- 
tions, whereas  in  weak  turbulence  the  energy  flux  density 
fluctuations  are  approximately  log-normal;  but  a  log-normal 
energy  flux  implies  normal  distribution  in  the  log-amplitude  x- 
Thus  if  we  substitute  P  =  P^e*  in  (46)  and  again  use  the 
identity  (e*)  =  e*  exp  [iOc'2}]  for  a  Gaussian  random  variable  x, 
we  obtain 


Mutual  coherence  function 


9TC(p,  s)  =  exp  [-i£V(p,  s)] 


(51) 


after  introducing  the  relation  x  =  _^x2  required  for  energy 
conservation. 

Since  we  wish  to  give  an  economical  display  of  solutions  in 
the  recent  literature  for  weak  turbulence  propagation  theory, 
we  introduce  the  function  of  path  distance /3  =  0(s)  defined  by 
/3  =  I  for  plane  waves  and  0  =  s/L  for  spherical  waves.  Since 
the  atmosphere  is  not  homogeneous,  we  follow  Tatarskii 
[1961]  in  using  the  spectrum  for  slowly  varying  turbulence 
given  by  $„e(s,  k)  =  Cne2(j)$„e'°'(*).  where  Cne2{s)  is  a  local 
structure  parameter.  Also,  we  introduce  a  weighting  function 
Hf(s,  k)  for  each  property  /(p),  which  varies  the  importance  of 
different  path  positions  and  different  eddy  sizes.  With  these 
conventions  we  can  write  all  the  structure  functions  given  by 
Lawrence  and  Strohbehn  [1970]  in  the  form 

Weak  turbulence  structure  functions 


D,(p)  =  8*2k 


•■  [  ds  CM  [ 

Jo  Jo 


dK  k4Voi(/c) 


[\  -U0Pk)]H,(s,k)        (52) 


where  J0  is  the  Bessel  function  of  the  first  kind  and  zero  order 
and  where,  if  the  wave  propagates  in  the  x3  direction,  we  must 
set  k3  =  0  and  k  =  (k,2  -I-  k22Y'2.  The  weighting  functions  for  the 
logarithmic  wave  ^,  the  phase  </>,  and  the  log-amplitude  x  are 
given  by 

Weak  turbulence  weighting  functions 


Hi=  1 

W0  =  cos2[/3(.s)(l  -s/LyL/2k] 

Hx  =  sin2[/3(s)(l  -  s/LWL/2k] 


(53) 


Consorlini  and  Ronchi  [1969],  Consoriini  el  al.  [1973],  and 
Lutomirski  and  Yura  [1969,  1971a]  have  pointed  out  that  when 
p  is  not  small,  the  finite  outer  scale  L0  in  the  atmosphere  can 
seriously  affect  the  behavior  of  ^  and  <t>.  For  such  cases,  more 
realistic  results  are  obtained  by  replacing  the  Kolmogorov 
spectrum  with  the  empirical  von  Karman  spectrum 


Von  Karman  spectrum 

*ne"V)  =  0.0330  exp  [-(k/k0)2][k2  +  K02] 


(54) 


where  K0  =  2n/L0  and  «0  =  5.92//0.  (The  analysis  leading  to 
the  constant  5.92  instead  of  2tt  is  given  by  Tatarskii  [1971].)  If 
(52)  for  D^ip)  using  the  spectrum  given  by  (54)  is  differenti- 
ated with  respect  to  p,  formula  11.4.44  of  Abramowitz  and 
Stegun  [1964]  gives 

Slope  of  weak  turbulence  wave 
structure  function 


d„£V(p)  =  3.1097*2p2'3/    ds 

Jo 


•^5'3(5)C„e2(5){(/3p^0)"63C1/6(^p^o)l        (55) 

where  3C1/6  is  the  modified  Bessel  function  of  the  second  kind. 
Equation  (55)  can  be  immediately  integrated  by  using  formula 
1 1.3.27  of  Abramowitz  and  Stegun  [1964]  to  give 

Weak  turbulence  wave  structure  function 

Ztyp)  =  2.914AV'3  j    ds06/3(s)CnAs)-fWpKo)       (56) 

Jo 

where  f(0pKo)  is  given  exactly  by 

f(0pKo)  =  1.067(j3pK0)  5'3{2  16r(§) 

-(0pKoTeX5/e(0pi<o))         (57) 

or  approximately  by 

f(0pKB)  *  1  -  0.8048[/J(5)p/C„]"3        pK0  <  1        (58) 

The  constant  appearing  in  (58)  is  the  same  as  that  given  by 
Fante  [1975]  for  the  plane  wave  case,  where  0(s)  =  1.  For 
constant  Cne2  the  function  0(s)  can  be  integrated  to  give  the 
function  /.„  appropriate  for  spherical  waves: 

hipKo)  *|[l  -  0.7154(pK„)"3]  (59) 


ty«  20 


Fig.  12.  Experimental  phase  structure  functions.  D$  is  normalized 
by  the  log-amplitude  variance  a\2<  and  the  transverse  separation  p  is 
normalized  by  a  Fresnel  zone  (XL)"2  [from  Brown  and  Keeler,  1975]. 
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with  the  same  constant  as  that  given  by  Lutomirski  and  Yura 
[1971*].  The  additional  factor  f  appearing  in  (59)  implies  that 
wave  (and  phase)  fluctuations  in  a  spherical  wave  will  be  only 
three-eighths  as  large  as  the  fluctuations  in  a  plane  wave. 

Tatarskii  [1961]  has  shown  that  since  Dx  remains  bounded 
while  D$  continually  increases  with  p,  p  >  (XL)"2  implies  D^ 
»  Dx,  and  thus  £>0  *  D+.  Much  more  roughly,  when  p  « 
(XL)1'2,  D4,  «  Dx,  and  thus  £>«  «  \D+.  We  can  see  the  reason 
for  the  approximate  equality  of  Dx  and  D^  for  very  small  p  by 
considering  the  factor  1  -  Jo(0pk)  in  (52).  For  small  p  this 
factor  is  close  to  zero  unless  k  is  very  large.  But  if  k  is  very 
large,  the  cosine  squared  and  sine  squared  functions  in  (53) 
oscillate  very  rapidly  in  comparison  with  the  slowly  varying 
Bessel  factor,  and  the  w/2  phase  difference  between  the  two 
sinusoidal  functions  becomes  unimportant.  If  we  neglect  the 
effect  of  the  variation  of  8(s)  on  the  correction  term  appearing 
in  (58),  we  can  then  write  the  phase  structure  function  as 

Weak  turbulence  phase  structure  function 

D^p)  =  2.9\4kY/3L[Cne2U\  -  0.805(pK„)"3} 


p  >  (XL)"2 

D^p)  =  (2.914/2)*2p6"L[CV]0|l  -  0.805(pK„)"3} 

p  <  (XL)"2 


(60) 


where  [C,2]*  is  taken  from  (42)  or  (43).  Figure  12,  from  Brown 
and  Keeler  [1975],  shows  typical  experimental  phase  structure 
functions,  here  normalized  by  ax,  as  functions  of  the  normal- 
ized separation  distance  pn  =  p/(XL)"2,  where  (XL)"2  is  the 
size  of  a  Fresnel  zone.  The  effects  of  the  outer  scale  correction 
given  by  (58)  that  cause  the  curves  to  bend  over  are  clearly 
evident.  The  numbers  Lon  above  the  curves  are  estimates  of  the 
normalized  outer  scale  L0„  =  L0/(XL)"2.  A  similar  integration 
for  Dx  or  Bx  in  closed  form  has  not  yet  been  performed.  The 
log-amplitude  variance,  however,  has  been  found  to  be 

Weak  turbulence  log-amplitude  variance 

ax2  =  4n2k2  j     ds  Cne2(s)  [    dK  K<t>ne""(K)Hx(s,  k) 

-  0.562W<Ln/°[Cne2]x        (61) 

with  [Cne\  from  (44)  or  (45).  For  constant  Cne2  the  averaging 
process  introduces  a  factor  A  into  (61)  for  plane  waves  and  a 
factor  flflr,  ¥)  =  r2(¥)/rm  *  0.2205  for  spherical  waves.  The 
ratio  of  the  two  numbers  shows  that  the  amplitude  fluctua- 
tions of  a  spherical  wave  are  less  than  half  as  large  as  the 
fluctuations  of  a  plane  wave. 

Spectra  of  the  various  random  functions  that  are  properties 
of  a  wave  propagating  through  turbulence  should  depend  on 
weighting  functions  determined  by  the  amplitude  a0(x,  f)  of  the 
'initial'  wave,  that  is,  the  wave  that  would  exist  in  the  absence 
of  turbulence,  a  wave  that  is  completely  determined  by  the 
propagation  equations  and  the  boundary  conditions.  The 
uniqueness  of  the  initial  amplitude  for  spectral  weighting  fol- 
lows from  the  fact  that  the  other  functions,  phase,  frequency 
(phase  derivative),  logarithmic  wave,  or  log-amplitude,  are 
undefined  when  a„(x,  t)  =  0.  The  initial  wave  also  determines  a 
field  of  wave  vectors  ko(x),  for  simplicity  assumed  not  to  be  a 
function  of  time  or,  at  least,  very  slowly  varying.  For  conve- 
nience we  introduce  the  vector  field  e(x)  =  k0(x)/w0,  where  oj0 
is  the  angular  frequency  of  the  initial  wave.  Now,  given  that 
the  transmitter  is  at  x  =  0,  we  can  transform  from  the  time  t  to 
the  local  'retarded  time' t'  =  t  -  t-x.  We  define  the  autocova- 
riance  of  the  random  function  /(x,  t)  in  the  usual  way: 


Autocovariance  of  a  function  f(t) 

R,(x,t';T)  =  </(x,  f)ff(x,  t'  +  t)) 


(62) 


Then,  for  the  most  general  case,  including  CW  propagation 
and  pulses  of  arbitrary  shape,  we  can  define  the  'frequency 
spectrum'  of  any  function  /(x,  /)  associated  with  a  wave  by 

Definition  of  frequency  spectrum 
W,(x,  w)  =  ffT  lim 


/    dt'  a„(x,  I'  )a0(x,  t'  +  t)R,(x,  /';  t)\ 
/V[flo(x,o]2j'} 


(63) 


where  3>  is  the  Fourier  transform  given  by  (15)  with  ;  replaced 
by  r.  Equation  (62)  states  that  the  frequency  spectrum  of /(x, 
t)  equals  the  Fourier  transform  of  the  weighted  average  of  the 
autocovariance  of /(x,  t). 

For  CW  propagation,  where  a0(x,  t)  is  constant  in  time,  (62) 
reduces  immediately  to  the  definition  of  a  spectrum  given  by 
Jenkins  and  Watts  [1968]: 


CW  frequency  spectrum 
W 


fa)  =  3r  lim  {^  f  dt'  *,(x,  t'\  t)}  (64) 


If /(x,  /)  is  also  a  stationary  random  function,  (64)  reduces  to 

Spectrum  of  a  stationary  random  function 

Wfa)  -  5TRf(x;  t)  (65) 

For  the  case  of  a  pulse  we  define  the  characteristic  length  rp  in 
exactly  the  same  manner  for  time  as  we  define  the  equivalent 
width  of  a  spectrum  in  frequency  space,  that  is. 

Characteristic  length  of  a  pulse 

J      dt'  [a„(x,  0]2J{max[a„(x,/)]2}-'  (66) 

where  max  implies  the  maximum  value  for  all  t  at  a  fixed  x. 
For  a  rectangular  pulse  the  definition  (66)  gives  the  actual 
physical  length  of  the  pulse.  Now,  for  a  pulse  the  general 
definition  (63)  reduces  to  the  pulse  spectrum  WnP{. 

Frequency  spectrum  of  a  pulse 
Wu 


fnffa)^\^r\     dt'  aJix,  t')aJix,  t' 


+  t )R,(t',  t)j{tp- max  [a0(x,  01*}"'        (67) 

If  we  define  the  normalized  pulse  shape  by  d0(x,  t')  =  a„(x,  /')/ 
max  <Jo(x,  t)  and  the  envelope  spectrum  by  3)0(uj)  =  5,dj(t),  we 
can  rewrite  (67)  in  a  simpler  form.  If  we  also  assume  both  that 
the  pulse  /  is  merely  a  sample  of  a  stationary  CW  function  fCw 
and  that  rp  is  much  greater  than  the  largest  time  scale  in  fCw, 
then  since  RllCwtU,  r )  =  Rncw,(0,  t),  the  pulse  spectrum  can  be 
related  to  the  CW  spectrum  by 

Relation  between  pulse  spectrum 
and  CW  spectrum 


W,(P,(«)  "  (27r/rp)3V(a>)  *   Wncwfa) 


(68) 


where  the  asterisk  indicates  convolution  with  respect  to  w 
defined  by  (17)  with  k  replaced  by  a.  Equation  (68)  is  the 
relation  between  pulse  spectrum  and  CW  spectrum  noted  by 
Brown  [19746]  for  the  case  of  the  acoustic  pressure  as  found  by 
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Brown  and  Clifford  [197 3a]  and  for  the  case  of  the  amplitude  of 
the  pressure  as  found  by  Brown  and  Clifford  [19736].  The 
significance  of  (68)  is  that  we  can  immediately  apply  all  the 
CW  spectra,  such  as  those  found  by  Tatarskii  [1971]  for  plane 
waves  or  those  found  by  Clifford  [1971]  for  spherical  waves,  to 
the  corresponding  pulse  spectra. 

At  this  point  the  reader  should  be  warned  that  the  generality 
of  (68)  could  lead  to  confusion  between  two  quite  different 
types  of  spectra.  The  first  is  associated  with  signals  usually 
obtained  by  'incoherent  detection.'  Such  detection  is  the  only 
type  readily  available  for  optical  propagation  because  of  the 
extremely  high  frequencies.  For  this  kind  of  spectrum  the 
differences  between  signals  separated  by  the  time  delay  r  arise 
only  from  advection  of  turbulence  by  mean  winds  (for  frozen 
turbulence)  or  from  the  slow  evolution  of  turbulence,  which 
we  will  not  consider,  since  each  case  depends  on  particular 
circumstances.  The  slow  rates  involved  imply  that  the  corre- 
sponding 'incoherent  spectra'  are  nonzero  only  in  a  frequency 
region  near  zero.  The  second  type  of  spectrum  is  associated 
with  the  wave  itself,  such  as  the  acoustic  pressure,  and  is 
derived  from  signals  obtained  by  'coherent  detection,'  that  is, 
by  including  both  amplitude  and  phase.  For  these  signals  the 
rates  are  related  to  the  speed  of  sound,  and  the  corresponding 
spectra  are  nonzero  only  in  a  much  higher  region  located  at 
about  the  frequency  of  the  initial  wave.  Such  'coherent  spectra' 
seldom  have  a  counterpart  in  optical  propagation  experiments. 

Consider  a  wave  after  its  propagation  through  turbulence, 
one  that  initially  possessed  a  single  angular  frequency  w0-  We 
can  write  /(x,  /)  =  /(x,  t)e~'w"',  where /(x,  t)  is  a  function  slowly 
varying  in  comparison  with  the  exponential  factor.  Then, 
3TRf(x,  t)  =  \3rkfa.,  t)\  *  5(uj  -  w0);  or,  writing  Aw  =  w  -  w0 
and  substituting  in  (68),  we  obtain 


Frequency  spectrum  of  a  wave 

tV>lP)(w)  =  (21r/rp)2Do2(AaJ)  *  Wf{CW)(Aw) 


(69) 


where,  as  usual,  the  convolution  product  is  with  respect  to  the 
variable  explicitly  indicated  in  the  two  factors,  that  is,  in  this 
case  the  variable  Aw.  If  there  are  roughly  10  cycles  in  a  pulse, 
3V(A«;)  is  a  narrow  function  of  Aw  centered  on  w0.  Then  (69) 
implies  that  all  the  spectral  density  is  concentrated  in  a  narrow 
region  around  w0-  We  should  note  that  the  above  spectral 
expansions  are  made  with  respect  to  both  positive  and  negative 
frequencies.  Experimentally,  however,  results  are  given  for 
positive  frequencies  only  and  as  functions  of/  in  hertz  rather 
than  w  in  radians  per  second.  If  we  designate  the  experimental 
spectra  by  W+(f),  we  can  relate  the  two  by  defining  W(j)  =  £ 
[W  +(j)  +  W+(-f)]  so  that  W(j)  does  not  vanish  for  /  <  0  and, 
in  fact,  is  symmetric  with  frequency  reflection.  But  the  defini- 
tion of  5,  given  in  (17)  implies  that  W{j)  =  2irW(w),  and  thus 
W+(j)  =  4wW(w)  =  (4ir/coW(k)  for  w  >  0.  Then  the  trans- 
forms between  the  autocovariance  R(t)  (definition  unchanged) 
and  the  experimental  spectrum  W+{j)  become 

Transforms  for  experimental  spectra 

W+(f)  =  4  /     dr  cos  (2tt/t)«(t) 

Jo 


R(t)=    [    df  cos  (lirfrW+U) 

»0 


(70) 


The  frozen  turbulence  assumption  relates  the  time  auto- 
covariance R,(t)  of  a  property  /  slowly  varying  because  of  a 
crosswind  w±  to  the  spatial  covariance  B,(p)  of  /  and  thus 
permits  a  calculation  of  the  incoherent  frequency  spectrum  of 
/.  From  the  assumption,  R,(x,  t)  =  Rr(x  -  w±t,0)  =  Br(wXT). 


Replacing  p  by  wyr  in  all  the  covariances  or  structure  func- 
tions given  earlier  and  substituting  in  (65)  then  lead  to  the 
corresponding  frequency  spectra  W/(w)  or  W,+(j).  Mandics  el 
al.  [1973]  display  numerous  experimental  spectra  obtained  for 
most  properties  of  acoustic  waves  propagating  in  turbulence. 
Clifford  [1971]  lists  the  weak  turbulence  theory  limiting  form 
of  spectra  found  by  Tatarskii  [1961]  and  himself  for  the  cases 
of  log-amplitude  x.  phase  fluctuation  0,  and  phase  difference 
fluctuation  50  at  two  points  separated  by  the  transverse  dis- 
tance p.  To  display  these  results  in  compact  form,  we  introduce 
the  following  notation:  pn  =  p/(\L)U2,fw  =  w/(AL)1/2,/„  =  il 
fw,  and,  for  use  in  50  spectra,  <<rx2)  =  (<rXi2(7x22)1/2.  Again  we  use 
the  subscripts  p  and  s  for  the  variances  of  plane  and  spherical 
waves.  Then  for  weak  turbulence  and  with  the  additional 
conditions  /<,  «  (XL)"2  «  L0  and  w/L0  <  /  we  have 


Plane  waves 


Spherical  waves 


'xp 


0.20»kvtLll"Cn  2 


0.124*7/8Z."/8C„  • 


(71a) 


(716) 


(72a) 


Log-amplitude  spectra  for  plane  waves 

f*Wx+(f)  =  1.103<rXP2(l  +  0.92/„"3)        U  <  1 
fwWx+(j)  -  0.24(rXP2/n-8/3  /„  >  1 

Log-amplitude  spectra  for  spherical  waves 

UWx*iS)  =  0.614<rx82(l  +  0.405/„</3)        /„  <  1 
UWX+(J)  =  0.606<rx82/n-8'3  /„  >  I 

Phase  spectra  for  plane  waves 

/„WV(/)  =  0.489<rXP2/n-8'3     /„  <  1 

2/„WV(/)  -  0.489aXP2/„-8'3     /„  >  1 
Phase  spectra  for  spherical  waves 

/*"V(/)  -  1.215V/-"8'3     /«  <  1  (72A) 

2jwW^{j)  =  I.2I5<tx82/„-8/3     /„  >  1 

Phase  difference  spectra  for  plane  waves 

/„**V(/)  =  0.99((TXP2>/n-8'3[l  -  cos  (2W„)J       Pn  >  • 

(73a) 

2/„>*V(/)  =  0.99(<txp2>/„-8'3[I  -  cos  (2Wn)]       Pn  <  1 
Phase  difference  spectra  for  spherical  waves 

_,„   1  -  sin  (lltpnfn) 


/u,«V(/)=  2.46<(7    2>/n 


2lTpnfn 


Pn>    1 


(736) 


2/„»V(/)  -  2.46(<V2)/,,-8"  '  "  ggr^      Pn<\ 

The  coherent  spectrum  of  the  pressure  itself,  found  by  Brown 
and  Clifford  [1973a],  can  be  put  into  a  form  similar  to  that 
above  if  we  introduce  the  symbol  A/„  =  (/  -  /0)//u>,  with  /0  the 
carrier  frequency  and  the  abbreviation  Lon  =  LJ(\L)U2.  Then 
their  result  becomes 

Frequency  spectrum  of  the  pressure 
UW*rf(j)  =  (27r/rp)iD02(A/) 

*  {O.I44«txp2L0„8'3[1  HLonAfn)2V,/3\         (74) 
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The  right-hand  factor  in  the  convolution  product  in  (74)  is  just 
theCW  frequency  spectrum  of  the  pressure.  In  the  wings  of  the 
spectrum,  when  A/„  »  Lm~l,  the  factor  reduces  to 
O.I44<TVp2A/„"*".  A  similar  calculation  for  spherical  waves  has 
not  yet  been  parried  out. 

Strong  interactioas  between  turbulence  and  sound  bring 
about  quantitative  and  qualitative  changes  in  propagation.  All 
of  the  results  given  so  far  apply  to  acoustics  whenever  the 
interactions  are  weak  and  X  <  L0.  Now  we  will  give  a  physical 
criterion  for  the  meaning  of  'strong'  and  describe  some  of  the 
equivalent  phenomena  in  optical  propagation  through  strong 
turbulence  that  may  serve  as  reasonable  approximations  in 
acoustics.  Equation  (61)  quotes  the  first-order  solution  for  the 
variance  ox2  of  the  log-amplitude  fluctuations,  a  solution  that 
predicts  that  the  variance  will  increase  linearly  with  the  path- 
averaged  value  of  Cm  and  as  the  tfth  power  of  the  path  length 
L.  Following  Clifford  et  al.  [1974],  we  will  introduce  a  new 
symbol  <r,2  for  the  weak  turbulence  result,  <r,2  =  0.563A:7/6L11/6 
[CB(.2]X.  (The  subscript  t  stands  for  at  least  one  of  the  words 
'turbulence,'  'theory,'  or  'Tatarskii'!)  Then,  the  weak  turbu- 
lence prediction  is  that  ax2  =  a2.  However,  optical  propaga- 
tion measurements  find  such  behavior  only  for  short  "path 
lengths  or  low  turbulence  intensities.  For  longer  paths  or 
higher  intensities,  observations  of  ox  level  off  or  perhaps  even 
decrease  slightly  with  increasing  a,2.  This  result  is  the  phenom- 
enon originally  termed  'saturation,'  but  which  we  will  call 
turbulent  saturation.  The  modifier  distinguishes  it  from  the 
leveling  off  of  received  power  with  increasing  transmitter 
power  that  earlier  we  termed  nonlinear  saturation.  Examina- 
tion of  a  time  series  of  the  amplitude  during  progressive  turbu- 
lent saturation  shows  a  change  from  continuously  random 
fluctuations  to  intermittent  spikiness,  essentially  concentrating 
all  the  energy  in  higher  but  less  frequent  peaks. 

That  a  phenomenon  similar  to  turbulent  saturation  in  opti- 
cal propagation  occurs  in  acoustic  propagation  can  hardly  be 
doubted,  although  the  amount  of  experimental  evidence  is 
slimmer  by  several  orders  of  magnitude.  A  study  by  Embleton 
et  al.,  presented  at  the  fall  1973  meeting  of  the  Acoustical 
Society  of  America  but  unfortunately  still  unpublished,  pre- 
sented measurements  of  <rx2  clearly  showing  turbulent  satura- 
tion. The  paper  of  Brown  and  Keeler  [1975]  also  found  indirect 
evidence  of  turbulent  saturation  in  the  behavior  of  their  mea- 
sured curves  of  the  log-amplitude  covariance  Bx.  Explanation 
of  the  phenomenon  requires  introduction  of  an  additional 
parameter,  the  lateral  coherence  length  p0,  defined  as  the  sepa- 
ration of  two  points  in  the  plane  perpendicular  to  the  sound 
waves  for  which  the  mutual  coherence  function  3Tt(p)  becomes 
equal  to  e~l.  Fante  [1974]  showed  thatOTC(p)  has  the  same  form 
as  (51)  and,  in  fact,  that  using  the  weak  turbulence  result  for 
£fy(p)  in  (51)  gives  a  good  approximation  to  3H(p)  for  strong 
turbulence.  Thus  p0  is  defined  as  the  value  of  p  for  which  D^(p) 
=  2  rad  and  9Tl(p)  becomes  exp  {-(p/p0)5/s|.  Then  p0  can  be 
found  by  setting  D^(p)  =  2  in  (56)  and  solving  for  p0.  To  first 
order  in  p/L0  this  procedure  gives  p0  «  {\A6k2L[Cne2]^\3/$  + 
0.483/C0,/!,|l.46*2[<:ne2kr4/l>.  We  should  note  that  the  ex- 
amples of  p0  given  by  Brown  and  Keeler  are  not  completely 
realistic,  since  they  were  obtained  from  the  assumption  that 
the  altitude  profile  of  Cne2  was  the  same  as  that  of  CT2  rather 
than  the  more  typical  behavior  appearing  in  Figure  6.  Fante 
[1975]  includes  more  elaborate  solutions  for  p0  in  the  case  of 
finite  angular  width  beams,  where  a  distinction  must  be  made 
between  short-term  averaging  and  long-term  averaging  be- 
cause of  the  effects  of  beam  wander. 

First  we  consider  which  eddies  have  the  greatest  effect  on  the 
log-amplitude  variance  ax2.  Using  the  Kolmogorov  spectrum 


and  the  weighting  function  Hx  given  by  (53)  leads  to  a* 
integrand  in  (61 )  equal  to  K~m  sin2  [(0/5X1  "  s/L)i2L/2k]  for 
the  weak  turbulence  case.  Differentiating  this  expression  with 
respect  to  k  gives 

Maximizing  equation  for  log-amplitude 


tan  [0(5 )( I  -  s/LWL/2k)  =  *[0(5)(l  -  s/L)K2/2k] 


(75) 


with  the  root  0(5 )(1  -  s/L)K2L/2k  =  0.988.  For  plane  waves 
and  constant  Cne2  the  eddies  having  most  influence  are  located 
at  5  =  0,  whereas  for  spherical  waves  they  are  located  at  0(5)  = 
s/L  =  J.  The  corresponding  eddy  sizes  /  =  2-k/k  then  are  given 
by  /  =  1.78(XL)"2  for  plane  waves  and  /  =  1.26(XL)l/2  for 
spherical  waves,  that  is,  roughly  equal  to  a  Fresnel  zone.  The 
same  result  can  be  obtained  by  a  more  physical  argument  by 
noting  that  if  part  of  the  sound  travels  through  the  'center'  of 
an  eddy  and  part  past  the  'edge'  at  the  radius  r  =  1/2,  then 
interference  between  the  two  parts  requires  a  total  path  length 
difference  of  at  least  X/2,  which  implies  r  >  [0(5 )(1  -  s/L)]1'2 
(XL)"2.  Note  that  an  'eddy'  is  a  spatial  Fourier  decomposition 
of  the  random  three-dimensional  refractivity  fluctuation  field, 
so  that  in  one  realization,  one  eddy  of  a  given  size  contains  one 
corresponding  given  value  of  refractivity.  However,  a  refrac- 
tivity change  over  the  distance  r  between  center  and  edge 
results  in  a  diffraction  angle  6  <  X/r,  whereas  the  diffraction 
angle  needed  for  the  sound  to  reach  the  receiver  at  L  is  6  ^  (/•/ 
5)/(l  -  s/L).  Putting  all  these  conditions  together  gives  r  = 
[0(5 )(1  -  s/L)(XL)Y12.  At  the  most  effective  location,  r  = 
(XL)"2  for  plane  waves,  and  r  =  (XL)1/2/2  for  spherical  waves. 
For  spherical  waves  a  refractivity  change  over  r  will  be  magni- 
fied by  the  factor  L/s  at  the  receiver.  Curves  showing  the 
resulting  most  effective  eddy  size  and  most  important  pattern 
size  are  included  by  Clifford  [1976].  The  curves  show  another 
important  feature,  that  is,  that  small-scale  fluctuations  result 
from  the  effects  of  irregularities  near  the  receiver  and  large- 
scale  fluctuations  from  the  effects  of  irregularities  near  the 
transmitter. 

The  correlation  of  amplitude  over  various  pattern  sizes, 
given  as  a  function  of  transverse  separation  p,  can  be  expressed 
by  the  log-amplitude  covariance  Bx(p).  Clifford  [1976]  gives  a 
curve  of  Bx(p)/ox2  as  a  function  of  p„  =  p/(XL)l/2  for  spherical 
waves,  and  a  similar  curve  for  plane  waves  appears  in  the  work 
of  Tatarskii  [1961].  The  above  discussion  presupposes  homo- 
geneous turbulence,  that  is,  constant  C„,2.  For  vertical  paths 
the  profile  of  Cn2  is  usually  much  higher  near  the  ground,  and 
thus  the  most  effective  location  will  be  shifted  toward  the 
ground.  For  such  a  profile,  if  the  transmitter  is  on  the  ground, 
all  pattern  sizes  will  be  increased,  and  the  corresponding  curve 
of  Bx/ax2  will  lie  everywhere  above  the  homogeneous  curve 
for  p„  >  0.  Experimental  curves  for  this  case  were  obtained  by 
Mandics  [1971].  In  contrast,  if  the  receiver  is  on  the  ground 
and  the  transmitter  elevated,  all  pattern  sizes  will  be  decreased, 
and  the  curve  of  Bx/ax2  will  fall  everywhere  below  the  homo- 
geneous curve  for  p„  >  0.  If  we  limit  ourselves  to  monotonic 
Cne2  profiles,  all  the  various  profiles  lead  to  a  family  of  nonin- 
tersecting  covariance  curves.  All  the  members  of  the  family 
lying  above  the  curve  for  constant  Cne'  result  from  profiles 
decreasing  along  the  path,  and  all  the  members  lying  below 
result  from  profiles  increasing  along  the  path. 

We  noted  earlier  that  the  approximation  ax  =  a*  holds 
only  in  weak  turbulence,  that  for  increasing  a,2  greater  than 
some  value  (~  0.3  for  optical  propagation  in  homogeneous 
turbulence)  the  values  of  ax2  increase  less  and  less  rapidly, 
eventually  leveling  off.  Under  these  conditions  the  behavior  of 
the  Bx2/ax2  curves  also  changes,  as  is  shown  by  the  experimen- 
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Fig.  13.  Experimental  log-amplitude  covariances.  B  is  normal- 
ized by  the  log-amplitude  variance  ax  2,  and  the  transverse  separation  p 
is  normalized  by  a  Fresnel  zone  (XL)  2  [from  Brown  and  Keeler,  1975]. 


tal  data  in  Figure  13,  from  Brown  and  Keeler  [1975].  At  the 
spring  1973  meeting  of  the  Optical  Society  of  America,  Clif- 
ford proposed  a  physical  theory  that  would  account  for  the 
changes  in  behavior  of  ax  and  Bx.  This  theory  was  given 
quantitative  form  in  the  paper  of  Clifford  et  al.  [1974].  A 
theory  of  Yura  [1974]  for  the  same  phenomena  was  shown  to 
be  completely  equivalent  to  the  first  by  Clifford  and  Yura 
[1974].  Using  the  Markov  approach  described  by  Tatarskii 
[1971],  Fame  [1975]  obtained  similar  results.  Briefly,  the  weak 
turbulence  theory  assumes  that  the  most  important  eddies 
intercept  plane  or  spherical  waves  and  that  subsequent  diffrac- 
tion produces  interference  at  the  receiver.  But  in  strong  turbu- 
lence the  wave  fronts  reaching  the  most  important  eddies  have 
already  been  randomly  distorted  during  propagation  over  the 
partial  distance.  The  lateral  coherence  length  p0  measures  the 
mean  size  of  the  wave  irregularities.  As  p0  becomes  equal  to  or 
less  than  a  Fresnel  zone,  the  eddies  at  the  center  of  the  path 
become  less  effective  in  producing  amplitude  fluctuations,  and 
their  place  is  taken  by  smaller  eddies  closer  to  both  the  receiver 
and  the  transmitter.  As  a  result  the  variance  begins  to  saturate, 
and  the  covariance  receives  greater  emphasis  in  small  pattern 
scales  (from  smaller  eddies  nearer  the  receiver)  and  in  large 
pattern  scales  (from  the  magnified  effect  of  smaller  eddies 
farther  away  from  the  receiver).  Thus  the  normalized  covari- 
ance Bx/ax  drops  more  rapidly  for  p„  <  1  and  decreases  less 
rapidly  for  pn  >  1  than  the  constant  Cne2  curve  for  weak 
turbulence  and  intercepts  the  latter  curve  at  about  pn  =  0.6. 
For  a  profile  of  Cne2  along  the  path  s  =  0  to  s  =  L  the  point  of 
intersection  moves  toward  smaller  pn  for  decreasing  profiles 
and  toward  larger  pn  for  increasing  profiles.  (This  difference 
accounts  for  the  fact  that  it  is  difficult  to  find  evidence  for 
saturation  in  the  experimental  curves  of  Mandics  [1971],  while 
the  curves  of  Brown  and  Keeler  [1975]  appear  to  show  such 
saturation.)  Brownlee  et  al.  [1974]  have  proposed  an  alterna- 
tive explanation  for  turbulent  saturation.  They  attempt  to 
obtain  saturation  in  the  weak  scattering  case  by  a  truncation  of 
the  wave  numbers  contributing  to  the  fluctuation  field.  How- 
ever, their  result  shows  a  leveling  off  of  ax2  only  with  increas- 
ing path  length  L  rather  than  with  the  parameter  a,2.  Con- 
sequently, the  result  implies  that  ox  continues  to  increase  with 
Cne2  contrary  to  experimental  observation. 

A  quite  different  approach  to  the  problem  of  the  propaga- 
tion of  sound  through  turbulence  was  initiated  by  Keller  [1964] 
and  continued  by  Wenzel  and  Keller  [1971],  Howe  [1971],  and 
Wenzel  [1972].  In  this  method  the  wave  is  artificially  split  up 
into  a  'coherent'  wave  with  unchanged  phase  but  decreasing 
amplitude  and  a  growing  'incoherent'  wave.  Since  many  theo- 
rists have  confused  the  phenomenon  of  the  transfer  of  energy 


from  the  coherent  wave  to  the  incoherent  wave  with  the  phe- 
nomenon of  turbulent  saturation  described  above,  we  will  coin 
a  term  and  call  this  energy  transfer  'coherent  extinction'  and 
emphasize  that  coherent  extinction  is  not  turbulent  saturation. 
The  energy  transfer  between  a  coherent  spherical  wave  and  an 
incoherent  spherical  wave  can  be  simply  modeled  if  we  neglect 
absorption.  If  we  write/;  =  p  +  p\  then  energy  conservation 
requires  {pp*)  =  a02/(4wr2).  At  the  same  time,  each  differential 
scattering  process  is  linear,  that  is,  the  same  fraction  of  the 
coherent  wave  is  transferred  to  the  incoherent  wave  for  each 
differential  element  of  the  path.  Thus  the  coherent  wave  must 
decrease  exponentially,  or  (ppi)  =  a2  exp  [-  2r)r]/(4irr1),  where 
the  relation  defines  the  coherent  extinction  coefficient  r).  Com- 
bining these  relations  immediately  gives  ip'p'1)  =  a02U  —  exp 
(— 2i;r)|/(47rr!),  a  result  found  through  a  much  more  involved 
argument  by  Wenzel  [1976]. 

Brownlee  [1973]  has  studied  the  Mintzer  parameter  V2  (re- 
lated to  ax)  from  the  coherent-incoherent  wave  approach  for 
the  geometric  acoustics  case  (XL)"2  «  /<,  and  for  the  'wave' 
case  {XL)1'2  »  L0.  For  these  two  cases  the  behavior  of  ax 
mimics  the  phenomenon  of  turbulent  saturation  but,  in  fact, 
does  not  result  from  diffraction  or  depend  in  any  way  on  the 
structure  of  the  turbulence.  The  similarity  in  behavfor  arises 
from  the  fact  that  in  the  geometric  acoustics  case,  for  instance, 
the  ray  path  segments  between  multiple  scatterings  form  a 
'random  walk'  with  a  consequent  Rayleigh  probability  distri- 
bution. But  in  the  diffraction  case,  fluctuations  that  are  ini- 
tially normal  go  through  a  transitional  probability  distribution 
with  increasing  a2  and  also  eventually  become  Rayleigh  dis- 
tributed at  high  levels.  Howe  [1973]  has  studied  the  flow  of 
kinetic  energy,  instead,  for  thermal  scattering  and  turbulent 
scattering  separately  and  obtained  solutions  in  both  the  wave 
case  (XL)"2  »  L0  and  the  geometric  acoustics  case  (XL)1'2  « 
l0.  For  the  thermal  scattering  case,  Howe  uses  the  propagation 
equation  for  the  acoustic  density  fluctuations  pa,  d2pa  = 
V2(r2pa),  which  for  the  atmosphere  is  not  quite  correct.  In  the 
atmosphere  the  density  can  be  written  as  p  =  p„  +  p„,  with  p„ 
-  Po  +  p„\  where  p„'  are  the  density  fluctuations  in  the 
absence  of  sound  due  to  turbulent  mixing  of  particles  having 
different  specific  entropies  a  from  different  altitudes.  Such 
turbulent  mixing  is  slow  enough  for  the  pressures  to  reach 
equilibrium  with  the  local  turbulence  pressures,  so  that  a  fluc- 
tuation in  c2  requires  a  fluctuation  in  p„.  Thus  the  correct 
equation  should  be  8,2p  =  V2(c2pa)  or,  equivalently,  82(pa/p„) 
=  V-[c2V(p„/p(T)],  an  equation  which  includes  the  density 
changes  resulting  from  the  forced  sloshing  back  and  forth  of  p„ 
due  to  the  passage  of  the  sound  wave. 

Although  knowledge  of  the  effects  of  turbulence  on  propa- 
gation is  useful  in  itself,  such  information  also  has  applications 
in  other  areas.  An  important  example  is  in  the  quantitative 
interpretation  of  echosonde  returns,  particularly  in  corrections 
for  the  measurement  of  CT2  and  C2.  Brown  and  Clifford  [197 6] 
have  used  the  recent  theory  of  Yura  [1971]  for  beam  broad- 
ening by  strong  turbulence  to  determine  the  amount  of 'excess 
attenuation,'  such  as  that  considered  by  DeLoach  [1975],  pro- 
duced by  turbulence  in  a  finite  acoustic  beam.  If  D0  is  the 
diameter  of  the  source  and  ae  represents  the  'excess  attenua- 
tion coefficient,'  the  excess  loss  in  intensity  in  decibels  over  a 
path  length  L  is  given  by 
Excess  attenuation 


aeL  =  10  log  U  +  1.56*12/50„2 

['  ds(\  -  s/LY'3Cne2(s) 

■  Jo 


(76) 
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When  (33)  and  (34)  are  used  for  measurements  of  CT2  and  C„2, 
excess  attenuation  can  introduce  considerable  errors  into  the 
results.  However,  the  use  of  bootstrap  computer  programs 
based  on  (74)  will  furnish  a  method  to  remove  most  of  such 
errors. 

Acoustic  Systems 

The  most  common  form  of  the  echosonde  is  the  monostatic 
configuration,  in  which  the  transmitting  and  receiving  trans- 
ducers are  identical  or,  at  least,  nearly  collocated.  The  sim- 
plified block  diagram  shown  in  Figure  14  describes  the  equip- 
ment of  McAllister  [1968],  and  it  is  still  representative  of  most 
of  the  more  advanced  systems  utilized  in  research  laboratories 
at  the  present  time  or  available  commercially.  In  this  system  an 
acoustic  tone  burst  is  amplified,  and  the  audio  signal  PT  is  sent 
through  a  switching  device  to  the  transmit  transducer.  After  a 
suitable  delay  the  transducer  is  switched  to  the  receive  mode, 
in  which  the  echo  signal  PR  is  passed  to  the  receiver  amplifier 
and  thence  to  a  display  or  recording  device,  usually  a  facsimile 
recorder.  Similar  designs  using  an  A-scope  cathode  ray  tube 
(CRT)  display  much  like  that  of  Gilman  etal.  [1946]  have  been 
employed  by  List  et  al.  [1972],  and  a  design  with  a  Z  axis 
modulated  CRT  display  was  used  by  Singal  and  Pancholy 
[1972].  The  earliest  complete  sounder  system,  reported  by 
Gilman  et  al.  [1946],  was  essentially  the  same  as  that  indicated 
in  Figure  14  except  that  a  separate  loudspeaker  transmitter 
was  used;  the  receiving  transducer  was  a  microphone  in  a  60- 
cm  parabolic  dish.  The  backscatter  echoes  were  displayed  on 
an  oscilloscope  which  was  photographed  with  a  time-lapse 
camera.  Likewise,  the  system  used  by  Kallistratova  [1961]  to 
investigate  the  theoretical  predictions  of  sound  scattering  by 
turbulence  in  the  real  atmosphere  utilized  separate  receivers 
and  transducers,  in  each  case  a  large-area  electrostatic  trans- 
ducer, the  transmitter  and  receiver  being  placed  in  proximity 
for  monostatic  or  backscatter  investigations  and  separated  and 
aimed  at  the  appropriate  angles  for  bistatic  studies  to  scatter- 
ing angles  as  small  as  16°. 

The  echosonde  used  by  McAllister  [1968]  had  the  important 
distinction  that  the  display  was  a  real-time  facsimile  machine 
in  which  the  correlation  and  structure  of  the  scattering  vol- 
umes in  the  atmosphere  could  be  graphically  displayed.  McAl- 
lister used  the  same  transducers  for  transmitting  and  receiving, 
at  first  using  an  electrodynamic  driver  and  horn  at  the  focus  of 
a  large  dish  [Mahoney,  1966]  and  later  an  array  of  196  com- 
mercial loudspeakers,  each  20  cm  in  diameter.  The  peak  pulse 
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power  for  the  array  was  over  500  W  of  electrical  input.  Switch- 
ing to  the  transmit  mode  was  accomplished  with  electromag- 
netic relays.  Mahoney  [1966]  has  described  the  design  require- 
ments of  the  echosonde,  which  initiated  the  'new  era'  in 
atmospheric  acoustics,  the  era  leading  to  this  review  paper.  In 
studying  nocturnal  radio  propagation  in  Australia  it  was  noted 
that  over-the-horizon  signal  strengths  could  be  explained  only 
if  significant  temperature  inversions  existed  for  prolonged  time 
periods.  Since  radiosondes  could  not  continuously  monitor  the 
temperature  structure,  Mahoney  studied  the  expected  intensity 
of  sound  'specularly  reflected'  from  the  temperature  gradients 
sometimes  measured.  On  the  basis  of  these  calculations  the 
previously  mentioned  15-m  parabolic  concrete  dish  antenna 
was  constructed,  and  atmospheric  return  was  successfully  ob- 
tained. Because  the  returned  intensity  was  stronger  than  was 
expected  (confirming  the  work  of  Gilman  et  al.  [1946]),  the 
'portable'  array  antenna  sounder  [Mahoney,  1967]  was  also 
constructed  to  supplement  the  obviously  immovable  first 
sounder.  This  array  design  was  still  based  on  the  assumption 
of  specular  reflection  from  gradients;  a  multiple-gradient 
model  was  assumed  to  be  necessary  to  explain  the  larger  than 
expected  signal  strengths. 

The  first  comprehensive  systems  analysis  of  echosondes, 
performed  by  Little  [1969],  considered  the  effects  of  environ- 
mental noise.  The  desirable  sensitivity  and  directivity  of  the 
receiver  were  determined,  and  estimates  were  made  of  the 
scattered  signal  strength  to  be  expected  from  the  knowledge 
then  available  on  the  turbulent  temperature  and  velocity  struc- 
ture in  the  atmosphere.  For  example,  Little  calculated  that  for 
10  W  of  transmitted  acoustic  power  and  a  receiving  area  of  1 
m2,  nominal  temperature  structure  in  the  atmospheric  bound- 
ary layer  would  lead  to  a  return  signal-to-noise  ratio  of  +26 
dB  for  a  range  of  150  m.  Later  investigations  have  shown  this 
performance  estimate  to  be  quite  representative  of  conditions 
found  in  nature. 

A  subsequent  comparison  of  sensitivities  between  echo- 
sondes and  electromagnetic  radars  shows  the  acoustic  sounder 
to  have  a  10-dB  advantage  over  comparable  electromagnetic 
devices  for  viewing  temperature  irregularities;  the  electromag- 
netic units  have  a  significant  signal-to-noise  advantage  for 
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viewing  humidity  fluctuations  or  hydrometeors  [Chadwick  and 
Little.  1973]. 

The  first  NOAA  echosonde  was  designed  and  placed  in 
operation  during  1969  [Wescott  et  ai.  1970].  The  design  of  this 
unit  was  based  on  the  analysis  of  Little  [1969]  and  used  off-the- 
shelf  units  for  many  of  the  discrete  components,  such  as  the 
power  amplifier,  tone  burst  generator,  wave  analyzer,  and 
facsimile  recorder.  Figure  15  shows  a  block  diagram  of  the  all- 
solid-state  electronics  unit  (no  relays  were  used  in  the  switch- 
ing circuits).  The  \/R  ramp  shaper  is  to  compensate  for  the 
spherical  spreading  of  the  scattered  acoustic  echoes;  the  trans- 
ducer is  sensitive  to  pressure  amplitude  rather  than  power,  so 
that  \/R  provides  the  proper  range  compensation,  if  other 
attenuating  effects  in  the  atmosphere  are  neglected.  When  the 
system  was  equipped  with  a  1.2-m  cone  paraboloid  reflector 
antenna  and  a  40-W  receive-transmit  transducer,  it  provided  a 
useful  range  of  several  hundred  meters  in  the  atmosphere 
[Wescott  et  ai.  1970]. 

As  sounder  technology  has  advanced,  more  sophisticated 
and  specialized  designs  have  been  tested  and  applied.  The 
NOAA  Mark  II  unit,  described  in  a  report  by  Simmons  et  al. 
[1971],  utilized  a  crystal-stabilized  clock.  The  report  is  explicit 
in  defining  the  various  control  signals  found  useful  in  oper- 
ating monostatic  echosondes. 

Problems  in  obtaining  satisfactory  performance  from  echo- 
sondes can  frequently  be  traced  to  an  inadequate  preamplifier. 
If  one  is  to  obtain  the  ultimate  performance  from  an  echo- 
sonde system,  it  is  necessary  to  be  limited  by  the  inherent 
system  noise,  the  Johnson,  or  thermal,  noise  generated  in  the 
receiver  element  [Nyquist,  1928].  The  usual  impedance  of  elec- 
trodynamic  voice  coils  being  a  few  ohms,  it  is  easy  to  calculate 
the  expected  noise  voltage  across  the  voice  coil  by  V  = 
(4kTRAf)l/t,  where  k  is  the  Boltzmann  constant  (1.38  X  10" 
J  K"1),  T  is  the  temperature,  R  is  the  ohmic  resistance  of  the 
voice  coil,  and  A/  is  the  electronic  bandwidth  of  the  measure- 
ment. For  example,  consider  a  10-ohm  voice  coil  at  room 
temperature  with  a  typical  echosonde  bandwidth  of  100  Hz. 
Then  we  obtain  V  =  4  X  10~*  V.  If  we  want  an  echosonde  that 
is  truly  systems  noise  limited,  we  must  be  able  to  handle  such 
small  signals. 

Admittedly,  it  takes  an  extremely  quiet  environment  to  al- 
low enough  amplification  to  see  the  Johnson  noise.  Usually 
environmental  noise  dominates  (eolian  tones  from  winds 
blowing  across  the  antenna,  eolian  tones  from  wind  in  nearby 
foliage  or  around  structures,  insects,  or  birds,  and,  in  urban 
areas,  man-made  noise  from  vehicles  or  other  human  activi- 
ties), but  on  occasion  in  still,  rural  settings,  one  can  find  quiet 
conditions  that  enable  the  Johnson  noise  to  be  the  limiting 
factor  in  echosonde  performance.  The  preamplifier  must  obvi- 
ously be  placed  near  the  transducer  to  prevent  other  sources  of 
noise  from  being  picked  up  in  long  cables,  and  it  is  usually 
necessary  to  use  a  step-up  transformer  in  coupling  the  voice 
coil  to  the  input  stage,  say,  with  a  turn  ratio  of  100: 1,  since 
typical  input  noise  voltages  for  solid-state  amplifiers  are  fre- 
quently near  I  nV.  Preamplifiers  to  achieve  this  desirable 
performance  have  been  discussed  by  Wescott  et  al.  [1970]  and 
Simmons  et  al.  [1971]. 

By  1972,  echosondes  of  the  type  described  above  were  being 
operated  by  some  twenty-two  different  groups  around  the 
world  [Hall.  1973].  Following  the  lead  set  by  the  Weapons 
Research  Establishment  (WRE)  in  Australia,  two  groups  at 
the  University  of  Melbourne  quickly  developed  echosonde 
programs.  In  the  Department  of  Meteorology,  Beran  [1970] 
exploited  echosondes  in  a  diversified  study  of  turbulence  detec- 


tion methods.  Several  reports  on  project  EAR  (Environmental 
Acoustic  Research)  were  published.  Cooperative  experiments 
were  performed  with  WRE  on  the  extension  of  acoustic  sound- 
ing to  the  upper  troposphere  [Beran  et  ai,  1972a].  Acoustic 
scattering  layers  at  heights  of  3  km  and  more  were  detected  by 
using  the  15-m  concrete  dish  at  WRE  and  utilizing  a  feed  of  19 
paper  cone  loudspeakers.  Experiments  with  a  sound  source  on 
a  glider  were  conducted  to  investigate  the  propagation  and 
attenuation  of  sound  in  the  real  atmosphere  [Beran,  1970]. 

In  the  Physics  Department  of  the  Royal  Australian  Air 
Force  Academy,  Bourne  and  Shaw  [1970]  developed  a  mono- 
static  echosonde  to  study  the  classes  of  echoes  observed  and  to 
relate  these  to  meteorological  conditions.  The  results  obtained 
by  Shaw  [1971]  are  useful  in  interpreting  facsimile  records; 
interpretation  will  be  discussed  in  a  later  section  of  this  review. 

The  radio  research  laboratories  in  Japan  have  operated  an 
echosonde  with  a  16-m  concrete  reflector  antenna  patterned 
after  the  WRE  unit  since  1970  [Fukushima  et  ai.  1971]  and 
more  recently  a  portable  unit  [Fukushima  et  ai.  1976].  The 
objective  of  this  project  is  to  supply  inversion  information  for 
the  local  weather  services  and  to  study  the  radiometeorological 
structure  of  the  lower  troposphere. 

In  India  the  group  at  the  National  Physical  Laboratory  has 
developed  acoustic  techniques  to  aid  in  the  study  of  radio  wave 
propagation  [Singal.  1973,  1975].  The  ability  of  the  echosonde 
to  anticipate  the  dispersion  of  nocturnal  inversions  is  regarded 
as  especially  valuable  [Singal  et  ai.  1975]. 

Centre  National  d'Etudes  de  Telecommunications  in  France 
has  the  goal  of  real-time  wind  profile  measurement  from  the 
surface  to  1  km  for  its  echosonde  program  [Aubryetai,  1974]. 
Special  parabolic  antennas  for  acoustic  use  have  been  de- 
signed, and  the  understanding  and  extraction  of  Doppler- 
shifted  signals  have  been  emphasized.  (More  will  be  said  on 
wind  studies  in  the  applications  section.)  A  recent  progress 
report  [Aubry.  1975]  presents  striking  multicolor  displays  to 
depict  the  backscatter  intensity  and  the  Doppler  shift  in  the 
echoes. 

The  objective  of  the  acoustic  program  at  Laboratorium  fflr 
Atmospharenphysik,  Eidgenossische  Technische  Hochschule, 
in  Zurich,  Switzerland,  is  to  develop  an  echosonde  to  monitor 
the  gravity  waves  induced  by  foehn  winds  over  the  Alps.  The 
pressure  fluctuations  associated  with  these  waves  give  rise  to  a 
malaise  commonly  noted  in  Switzerland.  Nater  [1974]  has 
reviewed  these  plans  and  provides  a  comprehensive  review  and 
bibliography  of  the  field  of  atmospheric  acoustic  research. 

The  program  at  the  Swedish  National  Defense  Research 
Institute  [Joelsson,  1974]  has  as  its  objective  the  understanding 
of  radio  ducting,  especially  over  the  Baltic  [Ottersten.  1975]. 
More  will  be  said  on  this  program  in  the  section  on  atmo- 
spheric science  investigations. 

Since  1972,  utilization  of  integrated  circuits  and  logic  circuit 
design  techniques  has  reduced  the  size  and  cost  of  echosondes 
while  providing  extremely  reliable  and  flexible  devices  [Owens, 
1974,  1975].  A  low  cost  commercially  available  echosonde  has 
also  been  placed  on  the  market,  and  more  than  100  are  in  use 
at  this  writing  [AeroVironment,  Inc..  1976].  Digital  data  reduc- 
tion methods  have  also  been  incorporated  into  echosondes  to 
provide  plots  of  quantitative  values  of  the  returned  echo  to 
supplement  the,  at  best,  semiquantitative  facsimile  records 
[Werner.  1977]. 

The  acoustic  antenna  remains  one  component  of  the  echo- 
sonde system  in  which  there  is  still  room  for  increased  under- 
standing and  better  design.  Microwave  antennas,  suitably 
damped  and  shielded,  provide  reasonably  well-defined  main 
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beams  and  suppressed  side  lobes  [Hall  and  Wescott,  1974],  but 
the  difficulty  in  actually  measuring  far-field  beam  patterns  over 
a  horizontal  outdoor  range  leads  to  uncertainties  of  several 
decibels  in  the  gain  characteristics.  A  study  by  Strand  [1971] 
showed  that  absorbing  cuffs  around  the  antennas  can  reduce 
the  90°  side  lobes  by  20-30  dB  if  they  are  properly  designed. 
Adekola  [1975,  1976]  has  extended  Strand's  treatment  and 
concludes  that  both  the  height  and  the  upper  diameter  of  the 
absorbing  cuff  should  be  3  times  the  lower  aperture  for  opti- 
mum performance. 

For  bistatic  configurations,  linear  arrays  of  horns  designed 
to  exhibit  a  fan  beam  shape  have  been  suggested  [Carsey, 
1972],  but  experience  has  shown  that  extreme  care  needs  to  be 
employed  to  limit  the  beam  width  of  such  receiving  arrays  or, 
at  least,  to  decrease  significantly  the  gain  in  the  horizontal 
direction,  in  which  the  acoustic  horizon  is  generally  too  noisy 
to  allow  efficient  operation  of  such  units.  Of  course,  a  fan 
beam  transmitting  antenna  and  vertically  directed  receiving 
beam  can  be  used  [Davey,  1976;  Kaimal  and  Wescott.  1976]  if 
the  noise  nuisance  is  acceptable. 

Singal  et  al.  [1974]  have  compared  the  performance  pf  on- 
axis  and  horn-reflector  parabolic  antennas  and  arrays  of  loud- 
speakers and  have  offered  tips  on  fabrication  techniques.  They 
conclude  that  the  horn-reflector  configuration  is  a  highly  effi- 
cient design,  in  agreement  with  the  results  of  Hall  and  Wescott 
[1974]  and  of  Kurze  [1976]. 

In  order  to  obtain  quantitative  measurements  of  the  echo 
intensity  return  to  study  the  turbulent  parameters  leading  to 
acoustic  scattering  it  is  necessary  to  know  precisely  the  gain 
pattern  of  the  antenna  in  the  far  field.  A  measurement  tech- 
nique in  which  a  microphone  is  suspended  on  a  three-point 
tether  from  a  balloon  has  been  described  by  Willmarth  et  al. 
[1975].  This  technique  overcomes  many  of  the  objections  and 
uncertainties  in  utilizing  a  horizontal  range  or  an  anechoic 
chamber  where  only  the  near  field  can  be  measured. 

A  properly  shielded  acoustic  antenna  can  achieve  50-dB 
suppression  of  the  90°  side  lobes  [Adekola,  1976].  If  in- 
sufficient side  lobe  suppression  occurs,  there  is  a  good  chance 
that  scattering  or  reflection  of  the  transmitted  pulse  by  nearby 
structures,  hills,  or  trees  can  produce  the  appearance  of  hori- 
zontal layers  on  the  facsimile  record,  which  might  be  inter- 
preted as  being  of  atmospheric  origin.  Here  the  experimenter  is 
cautioned  that  the  atmosphere  is  never  completely  at  rest  and 
that  true  horizontal  layers  will  always  show  some  undulations 
from  gravity  waves  or  shear  instabilities  and  will  change  with 
time  as  different  striae  advect  over  the  site. 

Similarly,  problems  with  proper  triggering  in  time  of  the 
transmit  pulse  can  lead  to  leak-throughs  of  improperly  timed 
tone  bursts  that  may  give  the  appearance  of  atmospheric 
echoes.  This  may  have  been  the  case  in  the  thin  sloping  layer 
reported  by  Petersen  and  Jensen  [1976]. 

Atmospheric  Science  Investigations 
With  Echosondes 

Earlier  reviews  of  echosonde  science  investigations  have 
provided  preliminary  information  on  the  temperature  struc- 
ture in  convective  plumes  [Hall.  1972],  have  provided  informa- 
tion on  the  types  of  echo  patterns  observed  for  the  stable  and 
unstable  atmosphere  [R.  Cox,  1971],  or  have  listed  the  funda- 
mental equations  for  propagation,  scattering,  and  Doppler 
extraction  from  the  returned  echosonde  signal  [Morris  and 
Hall,  1975].  Thomson  [1975]  discussed  the  various  scientific 
applications  of  echosondes.  Other  reviews  have  compared 
echosonde  results  and  capabilities  with  optical  or  microwave 


remote  sensors  [Little,  1972a,  b,  1973].  This  review  of  atmo- 
spheric research  performed  with  echosondes  gives  particular 
attention  to  new  information  and  insight  into  atmospheric 
structure  that  such  studies  have  provided. 

Convection  in  the  Unstable  A  tmosphere 

As  was  pointed  out  earlier,  the  backscatter  of  acoustic  waves 
is  caused  primarily  by  temperature  fluctuations,  or  CT2,  in  the 
atmosphere.  When  the  surface  of  the  earth  is  heated  by  the  sun 
in  midday,  it  becomes  much  warmer  than  the  surrounding 
atmosphere,  and  a  superadiabatic  lapse  rate  develops  in  the 
lower  few  meters.  The  air  heated  by  conduction  from  the  earth 
rises  in  turbulent  eddies  characterized  by  a  high  value  of  CT2.  It 
is  not  surprising  then,  as  was  pointed  out  by  McAllister  et  al. 
[1969],  that  the  most  characteristic  and  repeatable  pattern  of 
acoustic  returns  depicts  convective  plume  structures  rising  to 
several  hundred  meters  on  sunny  days  with  light  winds.  Here  it 
should  be  noted  that  turbulent  overturning  of  a  stable  layer 
may  also  be  called  convection  [Parry  and  Sanders,  1972]  or, 
more  definitively,  forced  convection.  We  will  follow  the  more 
usual  meteorological  use  of  the  term  [Huschke,  1959]  to  imply 
buoyant  (or  free,  or  gravitational)  convection.  Over  a  typical 
dry  prairie  terrain  the  vertical  convective  plume  structures  first 
appear  an  hour  or  two  after  sunrise  and  lift  and  modify  the 
characteristic  stable  atmosphere  echoes,  which  will  be  de- 
scribed in  the  next  subsection.  A  typical  facsimile  record  of  the 
monostatic  acoustic  probing  of  convective  plumes  is  shown  in 
Figure  3,  where  the  darkness  of  the  trace  is  proportional  to  the 
value  of  Cr2  in  the  plumes.  Typical  maximum  values  of  CT2  in 
plumes  over  dry  prairie  terrain  at  a  height  of  100  m  are  near 
3  X  102  °C2  irr2/s.  Because  of  the  intermittent  nature  of  the 
plumes  the  average  value  of  CT2  at  the  same  height  would  be 
more  than  1  order  of  magnitude  lower.  Typical  isopleths  of 
CT2  derived  by  sounder  backscatter  measurements  are  given  by 
Hall  et  al.  [  1975].  They  also  document  the  average  lack  of  wind 
shear  as  determined  by  Doppler  echosonde  at  heights  from  30 
m  to  several  hundred  meters  under  convective  conditions.  This 
lack  of  shear  results  in  an  average  vertical  orientation  of  the 
plumes;  maximum  vertical  velocities  in  summertime  prairie 
plumes  average  2  m  s  '.  Under  certain  specialized  prairie 
conditions,  thermal  plume  characteristics  may  show  little  sea- 
sonal variation  [Hall  et  al.,  1971],  evidently  because  the  lower 
winter  insolation  on  dry,  perhaps  overgrazed  grasslands  is 
compensated  for  by  taller  grass  and  more  evapotranspiration 
during  summer  months. 

By  applying  Taylor's  hypothesis  and  knowing  that  the 
plumes  advect  with  the  mean  wind  in  the  well-mixed  layer,  one 
finds  an  average  dimension  for  individual  plumes  at  a  height  of 
100  m  to  be  between  200  and  400  m  in  the  direction  of  the 
mean  wind.  The  plumes  seem  to  come  in  clusters,  however,  so 
that  an  even  larger  scale  of  organization,  measuring  several 
kilometers,  may  be  found  by  spectral  analysis  of  the  scattered 
acoustic  intensity  or  of  the  wind  fields  that  converge  into  the 
plumes  [Fitzjarrald,  1976]. 

The  CT2  signature  of  convective  plumes  is  an  expected  con- 
sequence of  similarity  theory  modeling  of  the  planetary 
boundary  layer.  Wyngaard  et  al.  [1971]  show  that  CT2  is  re- 
lated to  the  turbulent  surface  temperature  flux  Q0  by 

Relation  of  CT2  to  surface  heat  flux 

CT2  »  (4/3*2/3)(77g)2'Wz)4'3  (77) 

Here  T  is  the  mean  atmospheric  temperature,  g  is  the  accelera- 
tion of  gravity,  k  is  von  Karman's  constant,  and  z  is  the  height 
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above  the  surface.  As  might  be  expected,  the  typical  temper- 
ature profile  when  plumes  are  present  will  be  dry  adiabatic, 
superadiabatic  lapse  rates  being  found  near  the  surface  [Fuku- 
shima,  1975]. 

Over  warm  tropical  oceans  the  echosonde  will  reveal  a  truly 
ubiquitous  pattern  of  convective  plumes,  continuing  night  and 
day  because  of  the  absence  of  diurnal  temperature  patterns. 
Such  plumes  were  measured  during  Gate  [Mandics  et  al., 
1975a.  b;  Mandics  and  Hall,  1976].  In  the  equatorial  mid- 
Atlantic  these  plumes  extend  to  300-400  m  and  represent 
warm  moist  columns  of  rising  air  with  maximum  vertical 
velocities  near  1  m  s1.  Because  the  ratio  of  latent  heat  to 
sensible  heat  in  such  plumes  may  be  10: 1  or  higher  \G  ay  nor  el 
ai,  1976],  the  contribution  of  the  humidity  fluctuations  to 
acoustic  backscatter  can  be  significant,  accounting  for  28%  or 
more  of  the  echo  intensity  \Wesely,  1976].  If  the  temperature 
and  humidity  fluctuations  are  correlated,  as  aircraft  measure- 
ments by  Coulman  and  Warner  [1976]  near  a  moist  land  sur- 
face imply,  then  the  humidity  influence  becomes  even  more 
important. 

FitKushima  et  al.  [1976]  also  observed  continuous  convective 
plumes  over  a  warm  ocean  current  in  the  northwest  Pacific.  In 
other  oceanic  regions  the  atmospheric  stability  may  change 
from  a  convectively  unstable  lapse  rate  to  a  stratified,  stable 
lapse  rate  depending  upon  the  history  of  the  air  mass  overlying 
the  nearly  constant  temperature  ocean  surface.  Ottersten  et  al. 
[1974]  present  typical  examples  of  convective  plume  records 
recorded  aboard  the  research  vessel  Planet  in  the  North  Sea 
during  1973.  A  ship  can  be  a  noisy,  rolling,  and  pitching 
platform,  not  necessarily  ideal  for  acoustic  work,  but  Ottersten 
and  his  co-workers  obtained  excellent  results  by  mounting 
their  equipment  on  a  stabilized  platform  (to  overcome  the  ship 
movement)  isolated  from  ship  vibrations.  With  the  ship  an- 
chored and  much  of  the  machinery  shut  down,  good  results 
were  obtained,  in  no  small  measure  because  of  the  excellent 
acoustic  cuff  surrounding  the  antenna  during  the  experiment. 

By  mounting  their  antenna  on  the  foredeck  of  the  NOAA 
ship  Oceanographer,  Mandics  and  Owens  [1975]  were  able  to 
operate  with  the  ship  underway.  They  reported  convective 
plumes  when  air  cooler  than  the  ocean  surface  was  being 
probed  off  the  coast  of  Baja  California  and  in  the  Caribbean 
Sea. 

NOAA  has  operated  echosondes  through  two  winters  near 
Frasier,  Colorado,  in  a  high  mountain  valley  well  known  for 
its  low  temperatures  and  deep  snowpack.  Surprisingly,  even 
under  these  conditions,  convective  plumes  to  several  hundred 
meters  frequently  develop  on  sunny  days.  For  such  cases  the 
sensible  heat  is  not  added  to  the  atmosphere  from  the  high- 
albedo  snow  cover  but  rather  through  the  heating  of  conifer 
foliage,  which  generally  shakes  loose  the  snow  cover  a  day  or 
two  after  each  storm.  This  effect  has  been  studied  by  D.  H. 
Miller  [\9S6]. 

The  plumes  observed  in  an  urban  environment  with  echo- 
sondes seem  to  have  the  same  dimensions  and  vertical  veloci- 
ties as  those  over  uniform  land  surfaces  or  water  [List  and 
Melting,  1974].  When  such  plumes  are  observed  to  heights  of 
several  hundred  meters  without  the  capping  inversion  echo, 
one  can  be  assured  that  good  vertical  mixing  is  occurring  and 
that  there  is  little  threat  of  an  air  pollution  episode. 

Convective  plumes  may  even  be  detected  over  the  Antarctic 
ice  sheet.  A  NOAA  sounder  operating  at  the  south  pole  re- 
corded the  facsimile  shown  in  Figure  16  as  a  cold  air  mass  at 
-40°C  advected  over  the  somewhat  warmer  ice,  conditioned 
by  several  days  at  -30°C.  Until  the  ice  cooled,  4  hours  after 
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Fig.  17.  Magnitude  of  the  two  structure  parameter  terms  of  (33) 
for  typical  dry,  convective  conditions.  C„2  units  are  m4"  s  ';  those  of 
<V  are  K2  m"2'3. 


the  cold  front  passed  at  1030  LT  on  February  9,  1975,  con- 
vective plumes  were  detected  to  heights  of  200  m.  A  radio- 
sonde at  1115  showed  a  superadiabatic  lapse  rate  in  the  lowest 
1 38  m  of  the  atmosphere  [Hall  and  Owens,  1975;  Neffand  Hall, 
1976a]. 

During  midafternoon  in  temperate  regions,  convection  fre- 
quently lifts  the  previous  night's  capping  inversion  to  heights 
of  I  km  or  more  over  typical  prairie  terrain.  Most  monostatic 
sounder  facsimile  records  show  convective  plumes  extending 
to  only  600  m  or  so,  yet  we  know  that  convection  and  vertical 
transport  of  heat  must  still  be  going  on  at  the  higher  levels. 
Indeed,  Frisch  and  Ochs  [1975]  have  shown  from  in  situ  mea- 
surements that  the  model  of  CT2,  decreasing  with  height  as  the 
—\  power,  extends  to  at  least  80%  of  the  convectively  mixed 
layer.  The  plumes  do  not  show  in  most  sounder  records  to 
greater  heights  because  of  this  decrease  in  temperature  struc- 
ture and  the  increasing  attenuation  caused  by  both  molecular 
absorption  and  because  of  the  scattering  process.  (The  analysis 
of  Brown  and  Clifford  [1976]  shows  that  if  a  wider  transmitting 
and  receiving  beam  width  is  used,  the  effects  of  scattering  or 
excess  attenuation  will  be  decreased,  but  this  is  usually  not 
practical  because  the  decreased  directivity  lowers  the  signal-to- 
noise  ratio  and  side  lobe  rejection  of  noise  by  the  antenna  may 
also  be  degraded  by  the  wider  beam.) 

By  significantly  increasing  the  transmitted  acoustic  power  to 
1  kW  or  more,  one  may  improve  the  signal-to-noise  ratio  and 
record  monostatic  echoes  to  heights  of  several  kilometers.  This 
approach  has  been  taken  by  Bourne  and  Keenan  [1974],  who 
report  rather  consistent  returns  to  heights  of  2  km  or  more 
from  elevated  inversions  and  from  only  slightly  lesser  heights 
for  the  convective  plumes.  Another  approach  to  obtaining 
improved  signal-to-noise  ratio  is  to  abandon  the  monostatic 
configuration  and  use  the  combined  scattering  from  temper- 
ature and  velocity  fluctuations  in  a  bistatic  configuration.  If  a 
scattering  angle  of  150°  is  used,  compared  with  the  180°  for 
the  monostatic  case,  the  scattering  cross  section  will  usually 
increase  by  more  than  10  dB.  The  plot  of  Figure  17  shows  the 
contribution  of  the  two  scattering  terms  for  scattering  angles 
varying  from  30°  to  180°;  it  uses  typical  values  of  the  velocity 
and  temperature  structure  parameters  found  low  in  the  prairie 
summertime  surface  layer.  Additionally,  C„*  is  nearly  constant 
with  height  throughout  the  mixing  layer,  not  exhibiting  the 
falloff  with  height  as  does  CT*  [Frisch  and  Clifford,  1974].  Thus 
when  a  bistatic  return  is  compared  with  a  monostatic  one,  the 
convective  plumes  are  less  well  delineated  because  C„2  scatter- 
ing between  the  plumes  will  contribute  more  scattered  power 
to  the  bistatic  receiver  than  CT2  within  the  plumes  [Hall  and 
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Beran.  1974],  An  example  of  this  filling  in  between  plumes  in 
the  bistatic  mode  is  shown  in  Figure  18,  where  the  limited 
height  range  for  the  bistatic  returns  is  the  result  of  the  limited 
volume  of  beam  interception  produced  by  the  experiment  ge- 
ometry. 

Bistatic  scattered  intensity  can  exceed  monostatic  during 
nighttime  conditions  also.  McAllister  and  Pollard  [1969]  show 
an  example  from  a  nearly  neutrally  stratified  atmosphere  in 
which  the  monostatic  return  is  hardly  detectable,  while  at  a 
120°  scattering  angle  a  strong  echo  shows. 

Spizzichino  and  van  Grunderbeeck  [1975]  have  used  a  three- 
axis  Doppler  echosonde  equipped  with  a  minicomputer  for 
real-time  data  processing  to  study  the  structure  of  thermal 
plumes.  In  particular,  they  obtained  time  of  passage  as  a 
function  of  altitude,  height  profiles  of  vertical  velocity,  and 
scattering  cross  sections.  They  compared  their  observations 
with  theoretical  models  of  thermal  plume  structure.  Generally, 
most  of  the  hypotheses  used  in  these  models,  such  as  that  of 
'self-preservation'  of  profiles,  seemed  to  be  supported. 

Inversions,  Fronts,  and  Turbulent  Layers 

As  free  convection  develops  over  land  on  sunny  mornings, 
the  nocturnal  temperature  inversion,  which  usually  develops 
during  nighttime  hours,  is  lifted  by  the  plumes.  It  shows  on 
echosonde  facsimile  records  as  a  darker  'envelope  echo'  rising 
with  time.  A  typical  facsimile  picture  of  this  effect  is  shown  in 
Figure  19.  That  the  interpretation  of  this  envelope  echo  as  the 
lifting  inversion  is  correct  has  been  shown  by  a  number  of 
studies  [Cronenwett  el  ai,  1972;  Wyckoff  et  al.  1973;  Fuku- 
shima,  1975;  Edinger.  1975;  Stilke  et  al.,  1976].  We  have  seen 
why  a  large  acoustic  return  is  to  be  expected  from  buoyant 
thermal  plumes,  rich  in  CT2,  but  what  is  the  explanation  of 
echoes  from  statically  stable  layers?  The  answer  can  be  readily 
obtained  when  one  of  the  criteria  for  turbulence  is  examined, 
the  gradient  Richardson  number,  Rig.  Recalling  that  the  defi- 
nition is 

Gradient  Richardson  number 


_   g  (39/ dz) 
•       S(dU/8zf 


(78) 


where  the  potential  temperature  6  and  the  wind  speed  V  are 
measured  as  a  function  of  height  z,  and  that  turbulent  flows 
are  experienced  when  Rig  assumes  values  lower  than  0.25,  we 
see  that  although  the  buoyantly  unstable  thermal  plumes  give 
rise  to  echoes  because  of  the  zero  or  negative  numerator  term, 
wind  shear,  even  in  statically  stable  layers,  can  lead  to  low 
Richardson  numbers.  Overturning  of  the  air  in  turbulent  ed- 
dies occurs  even  though  86/dz  may  have  a  large  positive 
value,  as  was  discussed  earlier.  In  situ  instrument  profiles  of 
the  wind  and  temperature  through  elevated  inversions  show 
that  Rig  assumes  values  between  0. 1  and  0.2  [Hall  et  al.,  1975]. 
It  seems  that  nature  has  some  feedback  mechanism  whereby 
the  thickness  of  stably  stratified  shear  regions  changes  so  that 
the  region  is  turbulent  but  not  too  turbulent.  Thus  the  acoustic 
return  from  elevated  inversions  is  because  of  scattering  from 
turbulence  and  is  not  a  reflection  of  the  sound  waves  from  a 
smooth  gradient  in  acoustic  index  of  refraction.  In  a  specific 
attempt  to  see  if  such  gradient  returns  could  be  measured  in 
the  extremely  stable,  only  slightly  sheared  inversions  over 
Fairbanks,  Alaska,  Beran  et  al.  [1973]  found  no  change  in 
backscatter  for  a  vertically  pointed  sounder  compared  with 
one  tilted  35°  from  the  zenith.  Stronger  returns  to  the  vertical 
sounder  would  be  expected  from  horizontal,  specular  layers. 


In  spite  of  this  evidence  against  specular  returns,  Petersen 
and  Jensen  [1976]  believe  that  they  observed  such  a  gradient  in 
a  sea  breeze  front.  This  interpretation  is  challenged  by  Hall 
and  Neff[\977],  who  attribute  the  pattern  observed  to  noise  or 
equipment  problems.  Petersen  and  Jensen  [1977]  hope  to  re- 
solve the  argument  through  use  of  a  bistatic  system. 

When  the  atmosphere  exhibits  a  uniform,  adiabatic  temper- 
ature lapse  rate,  or  36/ dz  =  0,  no  amount  of  turbulence  or 
overturning  of  different  air  parcels  will  produce  CT2  structure. 
Frequently,  the  real  atmosphere  approaches  such  an  adiabatic 
lapse  around  sunset  on  clear  days  and  beneath  thick  cloud 
cover  at  almost  any  time.  Under  such  conditions  a  monostatic 
echosonde  will  produce  a  rather  featureless  facsimile  record; 
no  acoustic  scattering  centers  are  present. 

Ground-Based  Shear  Layers 

When  the  lowest  several  tens  of  meters  of  the  atmosphere 
show  an  increase  in  potential  temperature  of,  say,  4-10  K 
accompanied  by  a  wind  shear  of  5-10  m  s_1  across  this  region, 
the  echosonde  will  characteristically  display  an  intense  band  of 
closely  spaced,  turbulent,  sloping  regions.  McAllister  et  al. 
[1969]  were  the  first  to  describe  this  ground-based  wind  shear 
layer,  noting  its  frequent  similarity  to  a  herringbone  structure. 
The  shear  instabilities  within  such  layers  were  examined  by 
Emmanuel  [1972,  1973],  who  measured  the  gradient  Richard- 
son number  within  these  layers  by  using  an  instrumented 
carriage  on  a  meteorological  tower.  A  number  of  shallow 
regions  within  the  herringbone  structure  showed  Rit  values  of 
0.25  or  less,  although  the  Mayer  (or  bulk)  Richardson  number' 
throughout  the  band  of  acoustic  echoes  frequently  averaged 
near  0.5.  As  was  pointed  out  by  Emmanuel,  the  kinetic  energy 
of  the  turbulent  breaking  waves  has  its  source  in  the  kinetic 
energy  of  the  wind.  The  greater  the  wind  shear,  the  greater  the 
depth  of  the  instability  with  its  consequent  downward  trans- 
port of  momentum  and  heat  to  the  surface.  The  intermittency 
of  the  waves  represents  a  cycling  process  between  the  turbulent 
breaking  waves  and  the  background  wind  field.  Amplification 
of  these  instabilities  and  maintenance  of  the  turbulent  layer 
demand  a  continued  excess  of  shear  kinetic  energy  over  buoy- 
ant energy.  Emmanuel  shows  that  the  Helmholtz  instability, 
although  it  was  derived  to  explain  a  more  limited  class  of 
waves,  serves  quite  well  to  describe  the  uniform  amplitude  and 
spacing  of  the  sloping  regions  in  the  ground-based  shear  layer 
(GBSL). 

When  the  pulse  repetition  rate  or  the  paper  advance  speed  in 
the  facsimile  is  increased,  the  sloping  regions  of  the  echo  band 
closely  resemble  braided  (or  breaking  wave,  or  cat's  eye)  struc- 
tures [Gossard  et  al.,  1970;  Emmanuel  et  al.,  1972].  On  occa- 
sion, bursts  of  even  larger  amplitude  breaking  waves  may 
appear  superposed  over  the  ground-based  layer  [Hooke  et  al., 
1973].  Such  events  may  represent  the  dumping  of  large  quan- 
tities of  energy  and  momentum  from  low-level  jets  to  the 
ground. 

Where  better  to  find  the  ubiquitous  ground-based  shear 
layers  than  in  the  polar  regions,  characterized  by  boundary 
layers  of  strong  static  stability  and  persistent  winds?  Holmgren 
and  Jacobsson  [1976]  show  a  typical  ground-based  layer  re- 
corded at  Barrow,  Alaska,  in  the  late  winter,  repeated  in 
Figure  20a.  A  6.5  m  s1  shear  across  a  200-m-deep  layer  with 
only  I  K  static  stability  shows  a  persistent,  closely  spaced 
turbulent  wave  return  hour  after  hour.  Similarly,  Neffand  Hall 
[19766]  find  the  GBSL  to  be  the  typical  return  at  the  south 
pole,  characterizing  more  than  4000  hours  of  data  acquired 
during  1975.  An  example  is  shown  in  Figure  20b. 
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Fig.  20. 


Ground-based  shear  layer  echo  structure  recorded  (a)  at  Barrow,  Alaska,  and  (b)  at  the  south  pole.  Both  records 
indicate  a  stable,  sheared  boundary  layer.  (Part  a  courtesy  of  B.  Holmgren.) 


When  the  ground-based  shear  layer  is  observed  over  the 
central  United  States,  the  maximum  height  of  the  echoes  may 
correspond  to  the  nocturnal  jet  wind  maximum  [Kelly,  1973]; 
as  the  wind  speed  increases  in  the  jet,  a  sudden  jump  of  a  thin 
ground-based  layer  to  the  jet  altitude  may  be  observed. 

When  air  warmer  than  the  ocean  surface  intruded  over  the 
North  Sea,  Oltersten  el  al.  [1974]  observed  the  typical  stably 
stratified  returns,  similar  in  appearance  to  those  observed  over 
land.  Ocean-based  shear  layers  with  herringbone  appearance, 
ranging  in  depth  up  to  300  m,  were  monitored  as  well  as 
complex,  multilayered,  undulating  inversions. 

A  slightly  modified  appearance  for  a  ground-based  shear 
layer  is  typically  found  during  cold  air  outflow  or  gust  front 
episodes  from  thunderstorms.  Here  we  have  both  conditions 
for  the  herringbone  pattern,  static  stability  and  strong  winds, 
but  the  events  are  much  more  transient  than  the  more  ubiqui- 
tous nocturnal  or  polar  layers.  Figure  21  is  a  typical  facsimile 
recording  of  a  gus^t  front  as  described  by  Hall  el  al.  [1976].  In 
this  case  a  shallow  ground-based  layer,  representing  the  sur- 
face-based inversion,  is  lifted  and  modified  by  the  still  colder 


air  from  the  thunderstorm.  Although  the  original  storm  had 
dissipated  20  km  away,  the  typical  abrupt  nose  to  the  current 
and  the  descending  shear  layers  are  still  clearly  in  evidence. 
Knowledge  of  the  existence  of  such  sloping  shear  interfaces 
can  be  of  value  in  interpreting  in  situ  tower  anemometers  to 
delineate  properly  the  wind  patterns  within  the  currents. 

Marks  [1973]  compared  two  cases  of  thunderstorm  density 
current  echoes  against  in  situ  instruments  on  a  444-m  tower 
and  also  found  good  correlation  between  temperature  and 
wind  measurements  and  the  appearance  of  the  facsimile  rec- 
ords. He  points  out  that  echo-free  regions  sometimes  found  in 
such  currents  are  explained  by  volumes  of  homogeneous  air 
that  are  entrained  in  the  currents.  With  a  little  practice  the  user 
of  the  echosonde  can  come  to  recognize  the  different  patterns 
presented  from  sudden  jumps  in  the  layer,  from  nocturnal  jet 
coupling,  or  from  density  currents. 

Another  mechanism  for  establishing  statically  stable 
ground-based  shear  layers  operates  when  cool  air  from  lakes 
or  the  sea  is  advected  over  the  heated  land.  The  echoes  from 
such  occurrences  closely  resemble  those  of  weak  density  cur- 
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rents.  R.  C.  Bennett  and  R.  List  [1975]  show  facsimile  records 
of  the  breeze  from  Lake  Ontario  as  it  blows  across  Toronto. 
Following  the  lifting  of  the  nocturnal  inversion  by  convective 
plumes  in  the  early  morning,  the  lake  breeze  shows  a  typical 
ground-based  shear  layer  appearance  for  several  hours,  or 
even  all  day,  depending  upon  the  synoptic  forcing  of  the 
circulation.  Similar  records  are  shown  by  Rizzo  [1975],  who 
used  a  monostatic  echosonde  to  investigate  the  circulation 
from  Lake  Michigan  in  Milwaukee. 

Cold,  drainage  winds  (katabatic  winds)  also  produce  density 
current  type  echoes.  Mahoney  et  al.  [1973a]  show  three  such 
facsimile  records,  complete  with  wind  profiles,  of  the  so-called 
'gully  wind'  in  south  Australia. 

When  winds  exceed  15-20  m  s~',  even  200  m  above  a  strong 
surface-based  inversion,  the  turbulence  generated  may  be 
strong  enough  to  erode  the  continuous  ground-based  layer, 
leaving  only  bursts  or  spikes  of  turbulent  patches.  Such  echoes 
closely  resemble  buoyant  convective  plumes  on  the  facsimile 
record.  Spiky  ground-based  layer  returns  may  be  more  preva- 
lent over  rough  terrain,  since  t  ley  have  not  been  seen  often  in 
the  south  pole  facsimile  recoids.  Nonetheless,  the  reader  is 
warned  of  this  possibility  of  colnfusing  facsimiles  in  the  stably 
stratified,  strong  wind  situation. 

Multiple-Layer  Echoes 

When  wind  speeds  drop  to  only  a  few  meters  per  second,  the 
facsimile  record  of  the  nocturnal  inversion  usually  assumes  a 
form  showing  multiple  layers  of  acoustic  return  with  little 
evident  temperature  structure  between  the  layers.  Such  return; 
are  typical  of  those  found  in  Fairbanks,  Alaska,  where  the 
valley  location  of  the  city  leads  to  a  trapping  of  cold  air 
drainage  from  the  nearby  mountains.  A  typical  Fairbanks 
facsimile  record  is  shown  in  Figure  22.  Some  14  scattering 
layers  may  be  identified.  The  lower  200  m  of  the  atmosphere 
had  a  lapse  of  0  =  -30  K,  and  the  winds  were  light  and 
variable  at  speeds  less  than  2  m  s"1.  Other  examples  of  such 
extreme  numbers  of  multiple  layers  are  described  by  Holmgren 
el  al.  [1973];  they  give  plots  of  temperature  and  wind  speed 
with  height  for  six  such  cases  with  further  descriptions  of  the 
change  from  the  herringbone  appearance  GBSL  to  the  mul- 
tiple-layer returns  as  wind  shear  decreased.  The  nocturnal 
marine  layer  in  the  Los  Angeles  basin  also  is  often  character- 
ized by  such  multiple  layers  [Edinger,  1975].  Hazy  inversions 
with  low  wind  speed  in  Italy  also  are  characterized  by  such 
layers  [Bervoets  and  Hasenjdger,  1975]. 

Frequently,  wavelike  undulations  are  observed  in  the  mul- 
tiple-layer returns.  These  undulations  originate  as  Kelvin- 
Helmholtz  instabilities  [Emmanuel,  1972].  By  using  an  array  of 
three  vertically  pointed  echosondes,  Kjelaas  et  al.  [1974]  were 
able  to  show  that  these  gravity  waves  propagate  nearly  at  the 
speed  and  direction  of  the  wind  at  the  height  of  the  waves. 
Sensitive  microbarographs  can  detect  the  pressure  changes 
under  such  propagating  waves,  and  arrays  of  these  instruments 
can  also  provide  wave  direction  information,  as  was  shown  by 
Kjelaas  et  al.  [1974]  and  also  by  Hooke  et  al.  [1972].  Although 
the  herringbone  ground-based  shear  layers  can  transport  sig- 
nificant momentum  and  heat  downward,  the  decoupled  poten- 
tial temperature  inversions  in  the  multiple-layer  echo  are  much 
less  efficient  transporters  of  turbulent  fluxes  [Bean  el  al.,  1 973]. 

Subsidence  Inversions 

In  their  classical  study  of  synoptic  scale  subsidence,  Petiers- 
sen  et  al.  [1947]  show  that  a  characteristic  temperature  in- 
version develops  at  the  base  of  the  subsiding  air,  which  is 


frequently  found  in  association  with  anticyclonic  vorticity. 
Such  subsidence  inversions  may  be  found  anywhere  from  300 
m  to  several  kilometers  above  the  surface;  they  are  frequently 
detected  by  echosondes,  as  was  pointed  out  by  Beran  [1970].  In 
his  thesis,  Shaw  [1971]  discusses  II  cases  of  subsidence  in- 
versions, showing  the  facsimile  records  and  radiosonde-de- 
rived temperature  profiles  through  the  inversions.  One  of 
Shaw's  records  is  shown  in  Figure  23.  The  height  of  this 
inversion  holds  steady  at  900  m  through  the  early  morning 
hours  but  appears  to  weaken  and  dissipate  as  convective  activ- 
ity builds  below  the  stable  layer.  If  the  subsidence  is  strong  and 
continuing,  the  elevated  layers  will  be  seen  to  lower  with  time, 
sometimes  even  merging  with  the  top  of  a  ground-based  noc- 
turnal inversion,  as  occurs  in  the  event  described  by  Wyckoffet 
al.  [1973]. 

Fronts 

We  have  seen  that  even  small  temperature  differences  and 
low  wind  shears  can  produce  strong  acoustic  echoes  from 
nocturnal  and  subsidence  inversions.  It  is  not  surprising  that 
the  possibly  larger  temperature  differences  and  greater  wind 
shears  associated  with  synoptic  scale  fronts  will  also  lead  to 
significant  echoes.  Cold  air  sliding  under  and  lifting  warmer 
air  masses  or  warmer  air  overrunning  low-level,  colder  vol- 
umes results  in  a  turbulent  interface  temperature  inversion.  An 
example  taken  from  the  thesis  by  Ahmet  [1976]  is  shown  in 
Figure  24.  This  event,  recorded  at  Melbourne  on  December  7, 
1975,  at  1940  LT,  was  accompanied  by  an  8°C  temperature 
drop  at  the  surface  and  a  change  in  wind  direction  from  north 
to  southwest.  Notice  the  sudden  onset  of  the  echo  region, 
sloping  upward  with  time  as  the  front  passes,  and  the  complex 
internal  structure  of  the  cold  air  mass,  accentuated  by  the 
strongly  echoing  envelope  region  where  synoptic  scale  shear 
occurs. 

An  almost  identical  facsimile  record  obtained  during  a  cold 
front  passage  in  Oklahoma  has  been  published  by  Cronenwett 
et  al.  [1972].  Shaw  [1971]  reports  on  three  such  events,  in  one 
of  which  the  frontal  surface  was  traced  to  an  altitude  of  nearly 
2  km.  Neff  and  Hall  [1976a]  show  that  similar  frontal  passages 
can  be  observed  even  at  the  south  pole.  Trettel  and  Rat  [1976] 
have  also  discussed  complex  frontal  echoes. 

When  the  echosonde  is  located  near  a  long  wave  on  the 
frontal  surface,  even  more  complex  patterns  may  be  recorded. 
Parry  et  al.  [1975]  report  on  two  such  occurrences;  their  sur- 
face maps  and  measurements  of  winds  aloft,  coupled  with  the 
facsimile  records,  very  clearly  indicate  the  structure  and  timing 
of  the  overrunning  air  masses.  Using  a  high-power  sounder, 
they  were  able  to  follow  inversion  surfaces  to  3  km,  confirming 
the  results  of  Bourne  and  Keenan  [1974],  who  also  used  a  high- 
power  array  transmitter  to  obtain  returns  from  such  altitudes. 

A  couslic  Scattering  From  Clouds 

Although  the  acoustic  scattering  from  cloud  droplets  and 
precipitation  must  be  rather  small  [Little,  1972c],  the  turbulent 
mixing  within  convective  clouds  and  especially  the  turbulent 
boundaries  between  clear  air  and  ~umulus  cloud  boundaries 
would  be  expected  to  provide  large  values  of  temperature  and 
water  vapor  fluctuations.  Shaw  [1971]  proved  quite  con- 
vincingly that  convective  clouds  within  the  range  of  his  echo- 
sonde (1500  m)  were  consistently  detected,  especially  the  tropi- 
cal cumulus  so  frequently  observed  at  Darwin,  Australia.  The 
echoes  were  described  by  Shaw  as  'blobs,'  the  vertical  extent  of 
which  frequently  exceeded  several  hundred  meters.  Similar 
echoes  reported  by  Gaynoret  al.  [1976],  recorded  during  Gate, 
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Fig.  23.     Subsidence  inversion  recorded  at  Melbourne,  Australia,  showing  a  radiosonde  temperature  profile  as  an  overlay. 

(Crfurtesy  of  N.  A.  Shaw.) 


show  good  correlation  to  all-sky  camera  pictures  of  low-level 
cumulus  clouds  advecting  over  the  echosonde  and  to  the  in  situ 
measurement  of  water  vapor  mixing  ratio  provided  by  a  bal- 
loon-borne sensor.  Figure  25  shows  the  typical  blob  or  hum- 
mocky  echoes,  quite  similar  in  appearance  to  those  reported 
by  Shaw;  these  echoes  are  most  certainly  associated  with  low- 
level  cumulus.  Both  Shaw's  results  and  those  obtained  during 
Gate  indicate  that  such  echoes  are  more  prevalent  during  the 
nighttime  hours,  but  the  statistical  significance  of  this  apparent 
trend  has  not  been  verified. 

Radiative  cooling  and  wind  shear  at  the  top  of  stratus  decks 
can  also  produce  overturning  of  stable  air,  resulting  in  acoustic 
echoes.  Beran  [1971]  noted  this  effect  and  the  deep  wave  oscil- 
lations that  can  occur  in  extremely  stable  but  rare  supercooled 
stratus  in  Boulder,  Colorado.  Shaw  [1971]  also  noticed  the 
correlation  in  layer  type  echoes  with  stratus  and  described  the 
abrupt  change  in  acoustic  facsimile  records  as  the  stratus 
cleared,  the  cessation  of  the  strong,  uniform  layer  echo  from 
the  top  of  the  stratus  bank.  That  the  acoustic  echoes  do  indeed 
originate  near  the  top  of  stratus  clouds  was  verified  by  Cronen- 
welt  el  al.  [1972];  they  flew  a  light  aircraft  through  the  cloud 
and  correlated  cloud  top  observations  with  echosonde  obser- 
vations. 

During  the  formation  phases  of  stratus,  either  aloft  or  as 
ground-based  fog,  complex,  multilayered  patterns  are  fre- 
quently observed,  relating  to  the  stably  stratified,  low-wind 
conditions  typical  for  such  occurrences.  As  the  stratus  thick- 
ens, the  radiative  exchange  and  mixing  may  eliminate  the 
multilayered  appearance  of  the  record  [Ahmet,  1974],  resulting 
in  a  single  cloud  top  echo  with  possibly  some  surface-caused 
structure  in  the  lower  part  of  the  facsimile.  An  example  of  this 
featureless  type  of  facsimile  record  is  shown  in  Figure  26;  it 
shows  a  stratus  top  at  700  m  capping  the  marine  layer  in  the 
Los  Angeles  basin.  Note  that  before  sunrise,  which  occurred  at 
0632  PDT,  short-lived  turbulent  patches  appear  near  the  sur- 
face. These  are  probably  stably  stratified  turbulent  zones,  the 
stable  lapse  rate  near  the  surface  being  revealed  by  the  0700 
rawinsonde.  The  beginnings  of  buoyant  plumes  start  shortly 
thereafter,  and  by  0930  the  stratus  top  echo  begins  to  thicken 
and  become  wavy  in  nature,  indicating  that  convection  is 
reaching  this  level  and  producing  some  overturning  and  down- 
ward mixing  of  dryer  air  aloft  as  well  as  heating  the  air  below. 
The  sky  condition  changes  from  overcast  to  broken  (0.6  to  0.9 
cloud  cover)  at  about  the  same  time.  By  1200  on  this  date  the 
stratus  has  completely  dissipated.  Edinger  [1975]  notes  that  the 


sounder  indication  of  a  thickening  stratus  return  with  waves 
correlates  extremely  well  with  the  beginning  of  the  stratus 
breakup.  Thus  the  echosonde  is  a  useful  tool  for  monitoring 
this  condition. 

The  ability  of  the  echosonde  to  indicate  the  presence  of 
stratus  may  be  of  value  in  Arctic  studies  in  determining  when 
open  leads  of  water  exist  upwind  of  the  instrument  site.  Holm- 
gren and  Spears  [1974]  have  shown  that  the  cessation  of  the 
ground-based  shear  layer  returns  and  the  initiation  of  an  ele- 
vated, thin  line  echo  occur  when  stratus  begins  to  form.  Upon 
clearing  of  the  stratus  the  ground-based  shear  layer  return  is 
again  depicted.  In  such  stratus  returns,  some  correlation  with 
satellite  observations  of  open  water  leads  in  the  Arctic  ice  was 
obtained  in  this  preliminary  study. 

Echosonde  Applications 

In  this  section  we  review  how  echosondes  have  been  applied 
to  measurements  of  wind  velocity  and  other  atmospheric  pa- 
rameters of  interest  to  the  meteorologist  and  to  air  pollution 
assessment.  We  will  also  consider  how  the  user  can  recognize 
the  state  of  the  atmosphere  from  the  facsimile  record. 

Wind  Sensing 

Sonic  anemometry,  whereby  the  transit  time  of  an  acoustic 
signal  between  two  transducers  is  measured,  is  a  well  devel- 
oped technology,  and  we  will  not  dwell  on  it  here.  Suffice  it  to 
say  that  Schotland  [1955]  constructed  a  continuous  wave, 
phase  comparison  sonic  anemometer  and  demonstrated  its 
accuracy  in  field  tests,  using  1-m  path  lengths  between  the 
transducers.  A  much  larger  device  for  use  at  airports  was 
tested  by  John  [1960],  using  100-  to  300-m  path  lengths.  In  an 
up-to-date  summary  of  sonic  anemometry,  Kaimal  el  al.  [1974] 
discuss  the  operating  principles,  errors,  and  utilization  of  the 
device  for  measuring  turbulent  power  spectral  density.  It  is 
interesting  to  note  the  accuracy  of  Schotland's  prediction, 
more  than  20  years  ago,  that  sonic  anemometers  would  find 
their  principal  use  as  a  research  instrument. 

We  emphasize  here  acoustic  measurements  of  wind  through 
refractive  or  Doppler  effects.  The  first  use  of  acoustic  Doppler 
for  wind  sensing  seems  to  have  been  made  by  Kelton  and 
Bricout  [1964].  They  used  a  whistle  source  near  10  kHz.  The 
source  beam  was  scattered  off  atmospheric  turbulence  to  two 
receivers  located  at  right  angles  to  the  vertical  plane  of  the 
source.  We  know  now  that  scattering  from  turbulence  has  a 
minimum   at  90°,   but   nonetheless,   because  of  finite  beam 
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widths  and  slight  departures  from  the  90°  geometry  due  to 
beam  elevations,  Kelton  and  Bricout  were  able  to  detect  the 
scattered  signals  and  measure  the  Doppler  shift.  Their  ane- 
mometer-measured winds  and  the  Doppler-measured  winds 
show  rather  good  agreement.  The  high  frequency  and  geome- 
try used  limited  the  technique  to  short  ranges. 

The  refraction  of  sound  by  wind  and  temperature  in  the 
atmosphere  has  long  been  recognized  as  a  potential  for  wind 
profiling  if  multiple  receivers  are  positioned  around  a  trans- 
mitting source.  Fox  [1969]  showed  that  transit  time  measure- 
ments are  a  far  more  suitable  method  of  obtaining  vertical 
wind  profiles;  the  spatial  intensity  distribution  is  rather  in- 
sensitive to  the  wind.  This  technique  has  never  been  developed 
for  operational  use,  probably  because  of  the  need  for  a  large 
array  of  sensors. 

Little  [1969],  utilizing  the  correct  scattering  theory  from 
atmospheric  turbulence,  predicted  that  monostatic  Doppler 
wind  sounders  should  have  a  nominal  range  of  several  hun- 
dred meters  and  that  an  optimum  frequency  might  be  near  1 
kHz.  He  also  raised  a  number  of  questions  on  the  feasibility  of 
Doppler  echosondes.  Most  of  these  questions  have  since  been 
answered,  as  will  be  discussed  presently.  Little  [1969]  also 
discussed  the  possibility  of  correlating  atmospheric  turbulent 
structures  advected  over  an  array  of  sounders  utilizing  the 
observed  lag  times  to  measure  wind.  This  possibility  was  inves- 
tigated experimentally  by  Wescott  el  al.  [1970],  but  it  was 
found  that  there  was  little  correlation  in  the  appearance  of 
convective  plumes  among  three  sounders  spaced  50  m  apart. 
Although  good  results  were  obtained  to  200-m  height  (0.2  m 
s"1  error  bars  in  a  2.5  m  s_1  wind),  the  errors  rapidly  increased 
to  more  than  2ms'at  300-m  ranges. 

Doppler  Echosondes  in  the  Computer  Era 

The  first  monostatic  echosonde  Doppler  velocity  measure- 
ments were  reported  by  Beran  el  al.  [1971],  who  measured 
vertical  velocities  in  convective  plumes  and  in  overturning 
waves  during  a  frontal  passage.  In  this  experiment  the  back- 
scattered  acoustic  signal  was  recorded  on  an  analog  tape  re- 
corder with  a  bandwidth  wider  than  the  carrier  frequency.  The 
Doppler  shift  was  determined  after  the  experiment  was  com- 
pleted by  repeatedly  running  the  analog  tape  through  a  two- 
channel  digital  wave  analyzer.  An  x-y  plotter  then  drew  the 
spectra  of  the  carrier  and  the  returned  signal,  from  which  the 
Doppler  shift  was  estimated.  Needless  to  say,  this  tedious 
procedure  limited  the  number  of  data  points  obtained;  a  total 
of  16  min  of  data  are  reported  upon  in  this  pioneering  paper.  A 
facsimile  record  of  convective  plumes  with  the  corresponding 
vertical  current  isotachs  as  presented  by  Beran  el  al.  [1971]  is 
repeated  in  Figure  27.  Such  vertical  velocity  measurements 
have  been  confirmed  by  using  tethered  balloons  [Caughv  el  al.. 
1976]. 

Shortly  after  this  first  experiment  the  same  technique  was 
extended  to  a  two-sounder  configuration  with  one  antenna 
tilted  from  the  vertical,  its  beam  intersecting  the  vertically 
pointed  unit  positioned  80  m  distant.  Both  monostatic  and 
bistatic  runs  were  made.  The  superior  scattered  intensity  of  the 
bistatic  configuration  provided  much  better  signal-to-noise  ra- 
tio and  cleaner  Doppler  plots.  As  was  done  in  the  first  experi- 
ment, the  data  were  evaluated  after  the  experiment  had  been 
completed  [Beran  and  Willmarth.  1971].  Note  that  the  Doppler 
extraction  technique  used  is  essentially  incoherent,  no  refer- 
ence being  made  to  the  phase  of  the  scattered  signal  compared 
with  the  transmitted  tone.  This  is  Doppler  extraction  in  its 
most  simple,  least  elegant  form,  a  straightforward  measure- 
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Fig.  28.  Configuration  of  the  Doppler  echosonde  tested  at  Staple- 
ton  Airport,  Denver,  during  1973.  A  vertical  transmitter  at  A,  supple- 
mented by  transmitters  A'  and  A",  and  fan  beam  receivers  at  B  and  C 
were  used. 


ment  of  the  frequency  of  the  scattered  signal,  possible  in  the 
acoustic  regime  because  of  the  low  frequencies  used. 

Another  approach  to  Doppler  processing  was  adopted  by 
McAllister  [1971].  He  used  a  tracking  filter,  the  output  voltage 
of  which  was  proportional  to  the  frequency  shift  of  the  scat- 
tered power  relative  to  the  transmitted  frequency.  In  a  mono- 
static  sounder  he  was  able  to  show  correlation  of  vertical 
velocities  with  the  convective  plume  facsimile  records  in  real 
time.  He  operated  in  oblique  monostatic  modes  and  in  bistatic 
modes  as  well.  McAllister  also  discussed  acoustic  wind  sensing 
by  angle-of-arrival  measurements.  With  this  demonstrated 
ability  to  profile  real-time  winds  coupled  with  the  information 
that  echosondes  can  provide  on  inversion  heights  and  stratus 
tops  the  suggestion  for  acoustic  applications  in  the  airport 
environment  was  not  long  in  coming  [Beran,  1971]. 

The  excellent  temporal  and  spatial  resolution  of  the  Doppler 
echosonde  led  to  its  application  in  atmospheric  science  prob- 
lems. For  instance,  a  detailed  study  of  vertical  velocity  struc- 
ture in  thermal  plumes  was  reported  by  Mahoney  et  al. 
[1973a],  who  also  demonstrated  the  good  agreement  between 
Doppler  and  angle-of-arrival  measurements  under  ground- 
based  shear  layer,  katabatic  wind  conditions.  They  showed  the 
existence  of  the  Ekman  wind  spiral  through  the  turbulent 
layer,  an  angular  shear  of  40°  between  the  surface  and  400  m 
being  a  typical  value. 

In  the  bistatic  configuration  the  Doppler  in  the  scattered 
signal  represents  a  velocity  along  the  bisector  of  the  angle 
between  the  transmitter  and  the  receiver,  as  was  shown  by 
Beran  and  Clifford  [1072].  The  excellent  agreement  between 
Doppler-derived  winds  and  winds  measured  with  an  ane- 
mometer suspended  below  a  tethered  balloon  is  also  shown  in 
this  study,  in  which  the  measurement  of  the  total  horizontal 
wind  vector  is  reported.  The  development  of  the  nocturnal  jet 
wind  maximum  above  the  surface-based  inversion  at  an  alti- 
tude of  300-400  m  was  also  described  by  Beran  and  Clifford 
[1972]. 

The  feasibility  of  measuring  the  profile  of  the  total  wind 
vector  from  a  height  of  30  m  to  over  600  m,  even  in  a  noisy 


airport  environment,  was  demonstrated  during  1973  [Beran  et 
al.,  1974a],  Their  Doppler  echosonde  used  a  vertically  directed 
transmitter  and  a  bistatic  receiver  buried  in  subterranean  bun- 
kers to  minimize  the  effect  of  wind  noise.  The  configuration  is 
shown  in  Figure  28.  Auxiliary  transmiters  at  A'  and  A"  were 
used  to  avoid  the  signal  minima  near  the  90°  scattering  angle 
for  the  lower  levels  of  the  profile.  This  system  utilized  a  mini- 
computer for  processing  the  Doppler  voltage  derived  from  the 
analog  tracking  filter.  The  calibration  and  test  procedures  for 
the  system,  documenting  how  low-signal-to-noise  episodes 
were  eliminated  from  the  data  processing,  are  described  in 
more  detail  by  Beran  [1974].  This  system  was  designed  to 
monitor  wind  shear  as  it  might  affect  aircraft  landing  and 
taking  off.  Slight  and  rather  steady-state  errors  because  of 
refraction  [Spizzichino,  1974a]  were  not  accounted  for  in  the 
data  processing.  Another  problem  encountered  with  the  sys- 
tem arose  when  low-level  strong  turbulence  yielded  a  stronger 
received  signal  from  the  transmitter  side  lobes  than,  at  the 
same  time  delay,  the  signal  scattered  from  the  main  transmitter 
beam,  a  possibility  of  which  we  are  warned  by  Spizzichino 
[19746].  it  was  difficult  to  obtain  smooth  wind  profiles  across 
the  regions  of  the  satellite  and  main  transmitter  beam  patterns 
also  [Beran  et  al.,  19746].  The  experiment  was  useful  in  dem- 
onstrating that  in  spite  of  snow  and  dust  accumulation  in  the 
antennas  an  acoustic  system  could  be  made  to  perform  ade- 
quately in  the  noisy  airport  environment.  It  also  demonstrated 
that  the  analog  tracking  filter  approach  to  Doppler  extraction 
needed  improvement. 

As  a  result  of  the  lessons  learned  in  the  tests  at  Stapleton 
Airport,  Denver,  an  alternative  signal-processing  technique 
was  adapted  for  a  follow-on  system.  In  this  later  system  the 
scattered  signal  is  digitally  sampled  and  transformed  into  a 
128-line  spectrum  for  each  height  gate  by  use  of  a  dedicated 
fast  Fourier  transform  (FFT)  processor  in  the  minicomputer. 
This  is  the  system  used  in  a  Doppler  echosonde  wind  profiler 
now  installed  and  operating  at  Dulles  Airport  near  Washing- 
ton, D.  C.  [Beran  el  al.,  1976]. 

A  similar  signal-processing  technique,  also  utilized  in  a  sys- 
tem employing  a  vertically  directed  transmitter  and  three  bi- 
static receivers,  is  reported  by  Balser  et  al.  [1976].  This  system 
was  tested  against  anemometers  on  a  150-m  meteorological 
tower  at  the  White  Sands  missile  range,  and  the  extracted 
Doppler  results  showed  good  agreement  with  the  tower  ane- 
mometer data.  Balser  et  al.  reported  the  1-min  averages  of  data 
for  this  test,  in  which  the  transmitter  was  located  only  10  m 
from  the  tower.  In  subsequent  tests  of  a  similar  system,  Hau- 
gen  [1976]  showed  that  tower  reflections,  which  are  non-Dop- 
pler  shifted,  can  cause  significant  errors  in  the  comparison.  It 
is  probably  necessary  to  locate  Doppler  echosondes  some  dis- 
tance from  towers  to  avoid  this  improper  spectral  weighting, 
but  then  it  is  necessary  to  average  the  comparison  periods  for 
longer  times  because  the  tower-  and  echosonde-sampled  vol- 
umes will  be  significantly  displaced.  Even  then,  errors  because 
of  ringing  in  the  transducers  and  antennas  or  side  lobe  reflec- 
tions from  the  ground  can  produce  ambiguous  results.  It  is 
certainly  best  to  compare  any  Doppler  echosonde  with  data 
from  properly  averaged  conventional  anemometers  to  be  as- 
sured that  the  remote  sensing  system  is  operating  properly. 

The  bistatic  Doppler  echosonde  with  a  vertically  directed 
transmitter  has  the  great  advantage  that  the  transmitter  beam 
causes  a  minimum  of  noise  nuisance,  since  the  90°  side  lobes 
can  be  depressed  50  dB  below  the  main  lobe  [Adekola,  1976]. 
However,  in  those  instances  in  which  the  noise  nuisance  is  not 
objectionable  (at  remote  locations  or  even  at  airports),  there 
are  advantages  to  switching  the  transmitter  and  receiver  con- 
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figuration.  An  acoustic  system  with  a  fan  beam,  inclined 
transmitting  antenna,  and  a  vertical  receiving  antenna  has  the 
advantage  of  better  environmental  noise  shielding  for  the  re- 
ceiver. Since  the  background  noise  so  frequently  sets  the  limits 
on  performance  of  a  Doppler  echosonde,  this  configuration 
can  be  quite  advantageous.  This  is  the  geometry  adopted  by 
Kaimal  and  Wescott  [1976]  in  two  different  systems,  both  of 
which  demonstrated  quite  adequate  performance  when  they 
were  compared  with  tower-mounted  anemometers.  Analog 
tracking  filters  were  used  in  both  Kaimal's  and  Wescott's 
echosonde  for  processing  the  Doppler  shift,  but  analog  filter- 
ing techniques  and  logic  were  used  in  Wescott's  sounder,  com- 
pared with  a  minicomputer  and  digital  processing  in  Kaimal's 
unit.  The  sectoral  horn,  cuffed  transmitting  antenna  developed 
by  Kaimal  demonstrated  a  beam  pattern  uniform  to  within  5 
dB  over  60°  of  elevation  angle;  a  vertical  section  through  the 
antenna  beam  pattern  showed  a  main  lobe  less  than  10°  wide 
at  3.6  kHz  and  good  side  lobe  rejection  at  larger  angles.  A 
fanned  transmitting  antenna,  similar  in  concept  but  with  an 
inclined  receiver,  was  used  in  a  system  developed  by  Davey  and 
MacCready  [1976]  in  a  so-called  'simple  wind  shear  detector.' 
The  Doppler  signal  was  extracted  by  using  FFT  techniques  in 
off-the-shelf  spectral  analyzers. 

A  three-axis  monostatic  Doppler  echosonde  that  measures 
the  Doppler  shift  through  use  of  a  100-point  FFT  has  been 
described  by  Chong  [1976].  Wind  speed  and  direction  data 
from  this  system  were  compared  with  data  taken  from  pilot 
balloons  at  heights  of  30-500  m.  Demonstrated  accuracy  was 
about  1  m  s~l  over  a  wind  velocity  range  from  1  to  10  m  s1. 
The  standard  deviation  for  wind  direction  was  about  40°. 

The  question  of  optimum  Doppler  processing  for  echo- 
sondes  is  still  open.  Although  FFT  methods  have  demon- 
strated their  utility  in  several  semioperational  devices,  there  is 
no  denying  that  this  method  is  oversophisticated.  All  that  is 
really  needed  for  wind  measurements  is  the  first  moment  of  the 
Doppler  spectrum  and  not  the  entire  spectral  envelope  defined 
by  the  multipoint  FFT.  Keeler  [1976]  has  demonstrated  that 
even  a  four-pole  adaptive  inverse  filter  can  accomplish  a  very 
good  measure  of  the  first  moment  of  the  Doppler.  Consid- 
erably less  digital  hardware  is  needed  than  that  in  dedicated 
FFT  circuits.  He  has  shown  the  utility  of  a  least  mean  square 
adaptive  coefficient  adjustment  that  uses  a  maximum  entropy 
spectral  analysis  method  for  finding  the  first  moment  of  the 
spectrum. 

An  even  simpler  Doppler  technique  has  been  developed  by 
Owens  [1977].  He  has  demonstrated  that  a  real  covariance 
approach  to  spectral  moment  estimation  is  extremely  simple  to 
implement  in  an  all-digital  echosonde  design.  The  Doppler 
estimation  results  agree  very  well  with  both  FFT  and  adaptive 
filter  methods.  Certainly,  more  tests  will  need  to  be  performed 
on  the  real  covariance  method  (easily  expandable  to  a  complex 
covariance  processing)  in  the  future.  Zero-crossing  Doppler 
methods  are  also  well  adapted  to  digital  techniques,  and  if 
proper  attention  is  given  to  the  rapidly  varying  signal-to-noise 
ratio  typical  of  echosondes,  this  method  may  also  show  signifi- 
cant promise  [Melting  and  List,  1976].  In  analyzing  several 
Doppler  extraction  techniques,  Baudin  [1977]  finds  digital 
methods  to  be  far  superior  to  analog  methods  in  the  presence 
of  realistic  noise  backgrounds. 

Quantitative  Measurement  of  Structure 
Parameters  With  Echosondes 

As  was  discussed  earlier,  the  temperature  structure  and  ve- 
locity structure  (and  to  a  lesser  extent  the  humidity  structure) 
in  the  atmosphere  lead  to  the  strong  scattering  of  acoustic 


waves,  making  the  echosonde  a  feasible  device.  The  early  test 
of  Kallistraiova  [1961]  demonstrated  the  shortcomings  of  scat- 
tering theory  as  it  existed  17  years  ago  and  pointed  to  the 
improvements  necessary  as  embodied  in  the  present  Tatarskii 
[1971]  theory.  Implicit  in  this  theory  is  the  assumption  of  a 
homogeneous,  isotropic  inertial  subrange  of  turbulence  giving 
rise  to  the  acoustic  scatter.  These  ideal  conditions  are  expected 
to  prevail  during  unstable,  free  convective  conditions,  in  which 
the  outer  scale  of  turbulence  is  many  meters.  But  can  these 
conditions  be  expected  to  hold  in  thin  shear  layers  found  in 
nocturnal  inversion  conditions?  The  question  of  the  accuracy 
of  the  scattering  theory  was  addressed  by  Neff[\915a,  b].  He 
found  that  during  free  convection,  measurements  of  backscat- 
tered  acoustic  intensities  taken  with  a  carefully  calibrated 
echosonde  agreed  with  predictions  based  on  measurements  of 
the  temperature  structure  CT2  taken  with  fast  response,  spaced 
temperature  probes  [Lawrence  el  al.,  1970].  For  the  unstable 
conditions  at  a  range  of  92  m  the  agreement  was  consistently 
within  3  dB. 

However,  during  statically  stable  conditions  the  echosonde 
consistently  measured  a  larger  value  of  backscattered  intensity 
than  would  be  expected  from  the  in  situ  measurements.  There 
was  little  aspect  sensitivity  to  these  errors,  indicating  that  the 
problem  did  not  arise  from  gradient  or  specular  reflections 
from  temperature  structure.  Neff  suggests  that  under  the  stable 
conditions  a  quasi-horizontal  spatial  ordering  of  small-scale 
turbulence  structure  may  introduce  sampling  and  averaging 
errors  in  the  in  situ  instruments  relative  to  the  finite  volume 
echosonde  measurements.  This  explanation  is  supported,  since 
better  agreement  was  obtained  between  echosonde  and  in  situ 
data  when  the  pulse  length  (and  thus  the  scattering  volume)  of 
the  echosonde  was  reduced.  It  is  still  possible  that  the  assump- 
tion of  homogeneous  isotropic  conditions  in  the  inertial  sub- 
range is  not  correct  for  some  of  the  rather  thin  shear  regions 
that  may  sometimes  exist  in  temperature  inversions. 

NefFs  comparisons  were  made  at  a  range  of  92  m  from  the 
echosonde.  Because  the  insonifying  intensity  at  the  scattering 
volume  may  be  reduced  by  turbulence  structure,  the  accuracy 
of  echosonde  measurements  at  greater  ranges  may  be  reduced 
because  of  this  excess  attenuation.  Haugen  et  al.  [1975]  have 
shown  that  at  larger  ranges  the  accuracy  of  CT2  determination 
from  backscattered  intensities  will  significantly  decrease.  Re- 
cent tests  have  shown  that  by  purposefully  defocusing  the 
acoustic  antenna  to  broaden  the  main  lobe  the  discrepancy  can 
be  reduced,  indicating  that  this  is  indeed  a  scattering  attenua- 
tion effect.  Of  course,  it  is  also  necessary  to  know  the  profiles 
of  temperature  and  humidity  and  to  know  the  atmospheric 
density  in  order  to  account  properly  for  molecular  attenuation 
in  the  echosonde  equation. 

Similarly,  Asimakopoulos  et  al.  [1976]  conclude  from  echo- 
sonde tests  under  both  stable  and  convective  conditions  that 
the  device  can  provide  reliable  estimates  of  CT2  but  that  the 
apparent  errors  in  echosonde  measurements  increase  with  in- 
creasing turbulence.  Their  in  situ  probes  were  carried  by  a 
large  tethered  balloon;  the  measurements  were  made  at  a  range 
of  90  m.  Their  better  agreement  between  in  situ  and  echosonde 
measurements  for  the  stably  stratified  case  may  be  attributable 
to  the  lack  of  layered  structure  in  the  inversion  that  they 
measured.  Their  inversion  shows  a  stronger,  more  continuous 
ground-based  shear  layer  facsimile  appearance  compared  with 
the  thin  breaking  wave  pattern  sampled  by  Neff.  In  general, 
the  agreement  between  in  situ  and  echosonde  measurements 
was  between  7%  and  25%. 

Fukushima  et  al.  [1975a]  have  attempted  to  use  echosondes 
to  profile  Ct1  to  heights  of  900  m.  Because  of  the  rather  narrow 
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main  lobe  produced  by  their  16-m-diameter  antenna  it  is  quite 
possible  that  the  nighttime  profiles  of  the  temperature  struc- 
ture parameter  evaluated  by  them  may  fall  off  less  rapidly  with 
height  than  they  indicate. 

In  principle,  it  should  be  possible  to  derive  Cv2  values  from 
intensity  measurements  of  the  bistatic  echo  after  the  contribu- 
tion from  CT2  is  subtracted.  This  has  not  yet  been  accom- 
plished, primarily  because  of  uncertainties  in  accounting  for 
the  excess  attenuation  in  the  monostatic  CT2  measurements, 
although  for  many  bistatic  geometries,  Cv2  scattering  will  over- 
whelm CT2.  Another  approach  to  obtaining  C2  values  from 
echosonde  values  has  been  reported  by  Gaynor  [1977].  He 
shows  that  it  is  possible  to  obtain  the  velocity  structure  func- 
tion Dz  over  scale  sizes  ranging  from  10  to  200  m  by  range  gate 
resolution  of  Doppler  differences  in  separated  scattering  vol- 
umes. Of  course,  these  larger  separation  distances  may  ap- 
proach the  outer  scale  of  turbulence  under  some  atmospheric 
conditions,  but  at  10  m,  one  is  probably  within  the  inertial 
subrange  for  almost  all  conditions.  Doppler-differenced  values 
of  C„s  so  obtained  should  be  equal  to  those  defined  by  the  scale 
of  the  acoustic  wavelength,  assuming  a  Kolmogorov  spectrum 
of  turbulent  energy  cascading  downscale.  Since  C2  can  be 
related  directly  to  the  turbulent  energy  dissipation  t  by 
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this  Doppler-difTerencing  echosonde  method  can  be  used  to 
study  the  profiles  of  the  dissipation  of  turbulent  kinetic  energy 
in  the  boundary  layer.  During  periods  of  convective  plume 
activity  the  profile  of  e  is  nearly  constant  with  height.  Figure  29 
compares  echosonde  measurements  of  dissipation  from  Dop- 
pler-differenced C2  calculations  with  measurements  obtained 
from  bivanes  on  a  150-m  tower.  Also  shown  for  reference  is  a 
surface  layer  value  of  dissipation  measured  during  the  Air 
Force  Cambridge  Research  Laboratories  Kansas  experiment 
[Izumi,  1971]. 
During  nocturnal  conditions,  isolated  patches  of  elevated 


200 

180 

160 

140 

120 

100 
80- 
60- 
40- 


20 


I     I    I  II 


TT 


KANSAS 


I       I     I    I  I  III 


0.1       0.2        04  0AQ810       2.0  3.04.0 
€(xlO-2m2/seC3) 

Fig.  29.  Turbulent  kinetic  energy  dissipation  profiles  measured 
with  bivanes  on  a  tower  (dashed  line)  and  by  Doppler  echosonde 
differencing  (solid  line)  for  convective  plume  conditions  [after  Gaynor, 
1977]. 


breaking  waves  may  appear  on  the  facsimile  record.  Gaynor 
shows  that  these  regions  correspond  with  enhanced  values  of 
C2.  An  example  of  contours  of  the  velocity  structure  parame- 
ter in  the  direction  of  the  mean  wind  (obtained  by  assuming 
Taylor's  hypothesis  as  turbulent  eddies  advect  over  a  sounder) 
is  shown  in  Figure  30.  It  can  also  be  seen  that  the  ground- 
based  shear  layer  exhibits  enhanced  values  of  C„2,  typically  of 
the  order  of  I0"3  mv3  s  2.  This  value  is  typically  10~2  of  the 
typical  daytime  values  found  in  convective  plumes,  however. 

Thus  we  see  that  echosondes  have  demonstrated  their  ability 
to  measure  the  turbulent  atmospheric  parameters  CT2  and  Cv2 
in  the  planetary  boundary  layer  with  reasonable  accuracies.  Is 
there  any  hope  that  echosondes  will  be  able  to  measure  profiles 
of  temperature  and  humidity?  Little  [1969]  speculated  on  the 
possibility  of  utilizing  the  differences  in  molecular  absorption 
caused  by  humidity  to  obtain  humidity  profiles  by  using  a 
multifrequency  echosonde.  An  attempt  to  exploit  this  method 
was  reported  by  Gething  and  Jenssen  [1971],  who  performed  a 
theoretical  analysis  on  the  ability  of  a  four-frequency  echo- 
sonde to  derive  both  humidity  and  temperature  profiles,  rely- 
ing upon  the  known  molecular  absorption  dependence  of  these 
two  variables.  The  fourth  frequency  was  added  to  account  for 
excess  or  scattering  attenuations.  By  expanding  the  molecular 
attenuation  coefficient  in  series  form  they  derived  the  fre- 
quency-dependent backscatter  intensity  relations  and  then  at- 
tempted to  calculate  temperature  and  water  vapor  profiles 
from  simulated  data.  The  error  bars,  even  for  exactly  calcu- 
lated backscatter  data,  were  about  I  mbar  in  water  vapor 
pressure  and  2  K  in  temperature.  When  realistic  error  bars 
were  added  to  the  backscatter  intensity,  the  solutions  blew  up 
rather  badly,  water  vapor  errors  averaging  2  mbars  and  tem- 
perature errors  10  K.  In  later  unpublished  results  using  actual 
experimental  data,  Gething  reported  that  even  greater  errors 
were  obtained  (private  communication,  1974). 

These  ratjier  discouraging  results  have  been  confirmed  more 
recently  by  van  Grunderbeeck  [1975],  who  performed  a  similar 
theoretical  analysis  of  a  three-frequency  echosonde  and  then 
attempted  to  extract  water  vapor  and  temperature  profiles 
from  experimental  data.  The  errors  experienced  were  of  the 
same  order  of  magnitude  as  that  predicted  by  the  Gething  and 
Jenssen  study. 

Another  approach  to  temperature  profiling  utilizing  a  phase 
coherent  echosonde  had  been  reported  by  Closs  and  Surridge 
[1974].  They  occasionally  observed  dark  bands  in  facsimile 
records  made  with  the  phase  coherent  part  of  the  backscat- 
tered  signal,  bands  that  appeared  to  vary  in  apparent  altitude 
with  the  temperature  of  the  atmosphere.  However,  they  were 
not  able  to  suggest  a  mechanism  for  the  production  of  such 
bands,  other  than  the  possible  Doppler  shift  due  to  slow  mean 
vertical  motion.  Later,  Surridge  [1975]  found  that  the  mean 
phase  of  the  backscattered  signal  obtained  with  the  same 
equipment  was  not  zero  but  varied  in  a  way  that  appeared  to 
be  closely  correlated  with  temperature  changes.  Brown  et  al. 
[1977]  speculated  that  the  appearance  of  dark  bands  might  be 
due  to  interference.  To  test  this  possibility,  they  built  an  echo- 
sonde interferometer  that  produced  banding  in  facsimile  rec- 
ords. However,  the  motion  of  the  apparent  altitude  of  the 
fringes  with  temperature  changes  appeared  to  have  only  mar- 
ginal sensitivity  for  use  as  a  remote  temperature-sensing  de- 
vice. In  contrast,  Surridge's  comparison  of  mean  phase  and 
temperature  seemed  to  suggest  a  much  stronger  dependence. 

Are  there  any  other  methods  by  which  the  temperature  or 
humidity  profile  can  be  extracted  from  a  now  improved  knowl- 
edge of  echosonde  characteristics?  Certainly,  when  convective 
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plumes  are  depicted  on  the  facsimile  recording,  one  can  be 
assured  of  an  adiabatic  lapse  rate,  at  least  to  the  top  of  the 
observed  plumes,  with  possibly  a  superadiabatic  lapse  in  the 
lower  few  tens  of  meters,  documented  for  typical  convective 
conditions  by  Hall  et  al.  [1975].  When  ground-based  shear 
layers  are  present,  there  is  undoubtedly  some  information 
relating  to  atmospheric  stability  by  the  frequency  of  the  turbu- 
lent breaking  wave  pattern  presented.  If  the  frequency  N  of 
these  waves  is  governed  by  the  Brunt-Vais3la  equation 


Brunt-Vaisjila  frequency 

A'2  =  (g/6)(d6/8z) 


(80) 


then  by  a  spatial  frequency  analysis  of  the  wave  periods, 
properly  compensated  for  by  the  motion  of  the  waves  (which 
could  be  measured  with  a  Doppler  echosonde),  it  may  be 
possible  to  extract  30/ Sz.  Similarly,  from  the  expression  for 
the  gradient  Richardson  number,  if  the  wind  shear  term  can  be 
measured  with  the  Doppler  echosonde  and  if  the  layer-aver- 
aged Richardson  number  can  be  derived  through  a  measure  of 
the  intermittency  of  the  observed  turbulence,  there  may  be  an 
additional  approach  to  extracting  dd/dz.  More  thought  and 
research  must  be  directed  toward  this  approach,  but  for  now, 
absolute  temperature  profiling  can  be  obtained  only  through 
hybrid  acoustic  systems  such  as  the  radar  acoustic  sounding 
system  (RASS)  to  be  discussed  in  a  following  section. 

Echosonde  Applications  in  Air 
Pollution  Meteorology 

Air  pollution  is  essentially  an  urban  problem.  It  is  therefore 
important  to  determine  if  echosondes  can  be  operated  in  built- 
up  neighborhoods  without  being  a  noise  nuisance  and  without 
being  degraded  in  performance  by  the  urban  noise  level.  This 
question  was  addressed  by  Simmons  et  al.  [1971],  who  deter- 
mined that  with  proper  shielding  of  the  echosonde  antenna  the 
noise  nuisance  can  be  effectively  eliminated  (especially  when 
the  masking  effect  of  the  urban  noise  background  is  consid- 
ered). Except  near  airports  or  busy  highways  the  urban  noise 
level  should  not  significantly  degrade  the  ability  of  an  echo- 
sonde to  detect  elevated  temperature  inversions  and  the  deep- 
ening of  the  mixing  layer  by  unstable  convection. 

The  addition  of  a  Doppler  capability  to  echosondes  makes 
them  an  even  more  attractive  air  pollution  meteorology  tool 
[Beran  et  al.,  19726].  The  ability  to  detect  large-scale  sub- 
sidence inversions,  which  can  lead  to  an  intensification  of 
nocturnal  surface-based  inversions,  is  another  attribute  of  the 
echosonde.  Such  large-scale  subsidence  is  shown  by  Beran  et 
al.  to  have  merged  with  the  surface-based  inversion,  resulting 
in  an  unpredicted  pollution  episode  in  Denver,  Colorado. 

To  test  the  feasibility  of  operating  in  the  urban  environment, 
a  test  was  conducted  during  the  winter  of  1971-1972  in  Den- 
ver. Data  from  slow  ascent  radiosondes,  launched  specifically 
for  air  pollution  meteorology  predictions,  were  compared  with 
echosonde  facsimile  records  [ Wyckoff  et  al.,  1973].  A  good 
agreement  was  found  between  the  ground-based  shear  level 
top,  or  striae  in  multilayered  returns,  and  the  principal  temper- 
ature inflection  point  measured  with  the  radiosondes.  The 
echosonde  used  in  the  experiment  was  located  near  a  ware- 
house and  trucking  terminal  area  next  to  an  interstate  freeway, 
and  in  spite  of  these  noise  sources  it  produced  quite  usable 
facsimile  records  during  the  entire  test.  It  was  concluded  that 
through  further  tests  it  might  be  possible  to  develop  improved 
predictions  of  inversion  breakup.  Parry  [1974]  stresses  the 
advantage  of  the  echosonde  in  continuously  monitoring  the 


atmospheric  mixing  layer  depth,  thus  providing  the  updated 
information  between  radiosonde  launches  on  the  time  rate  of 
change  of  this  depth. 

To  explain  further  the  correlation  between  the  echosonde 
facsimile  records  and  analytical  models  of  the  inversion  rise 
during  morning  hours,  Shaw  [1974]  compared  echosonde  rec- 
ords with  the  predictions  of  a  simplified  mixing  layer  depth 
development  model.  The  experiment  was  performed  in  the 
Chicago  area,  and  although  reasonable  agreement  was  ob- 
tained, the  distance  separating  the  radiosonde  and  echosonde 
site,  16  km,  undoubtedly  contributed  to  some  of  the  dis- 
crepancies. It  was  found  that  better  agreement  was  obtained 
by  adding  about  1°  to  the  observed  surface  temperature  and 
using  this  corrected  temperature  in  the  model  for  comparison 
with  echosonde-observed  mixing  depths. 

The  model  used  by  Shaw  was  a  simple  'filling  model'  in 
which  the  heating  of  the  ground  directly  drives  convection  in 
the  layer  below  the  capping  inversion.  Turbulent  mixing  at  the 
top  of  the  convective  layer  was  not  considered.  More  recent 
models  by  Tennekes  [1973],  later  improved  by  Zilitenkevich 
[1975]  and  Zeman  [1975],  included  turbulent  mixing  through 
the  inversion.  The  suitability  of  the  Zeman-Tennekes  model 
was  tested  by  Benkley  [1977],  who  compared  echosonde  fac- 
simile records  of  capping  inversion  height  as  a  function  of  time 
with  the  predictions  of  the  model.  Benkley  points  out  the 
importance  of  knowing  in  detail  the  stable  lapse  rate  in  the  free 
atmosphere  above  the  ground-based  shear  layer  at  sunrise  and 
graphically  illustrates  the  difference  in  inversion  breakup  for 
conditions  with  similar  heating  rates  but  differing  background 
stabilities.  For  example,  inflection  points  in  the  stability  profile 
above  the  ground-based  shear  layer  result  in  inflections  of  the 
inversion  rise  rate. 

Shaw's  model  was  similar  to  one  derived  by  Deardorff  el  al. 
[1969],  in  which  the  mixed  layer  depth  h  changes  with  time: 


Rate  of  change  of  mixed  layer  depth 
dh/dt  =  Q0/yh 


(81) 


where  Qa  is  the  surface  turbulent  heat  flux  and  7  is  the  poten- 
tial temperature  lapse  rate. 

The  Tennekes  model,  improved  by  Zilitenkevich,  includes 
the  ratio  of  downward  turbulent  flux  through  the  inversion  to 
surface  heat  flux.  This  ratio,  defined  as  a  constant  CF,  has  a 
value  of  approximately },  and  in  addition,  a  temporal  constant 
CT  ~  \  is  included  in  the  growth  rate  equation  given  by 


Mixed  layer  depth  change  with  entrainment 
dh/dt  =  (Cf/Ct^QJi/To)1" 


(82) 


Zeman  improved  the  Tennekes-Zilitenkevich  model  by  adding 
a  third  constant  parameterizing  the  dissipation  rate  in  the 
surface  layer.  The  comparison  with  echosonde  data  obtained 
at  Haswell,  Colorado,  shows  that  the  comparison  works  quite 
well.  However,  comparison  with  echosonde  data  from  the  Los 
.Angeles  basin,  where  large-scale  subsidence  and  advection  in 
the  basin  are  important,  indicates  that  there  are  still  some 
shortcomings  in  modeling  planetary  boundary  layer  growth 
rates. 

Tombach  et  al.  [1973]  summarized  the  ability  of  the  mono- 
static  echosonde  in  air  pollution  applications  to  measure  the 
following  parameters:  ( 1 )  the  time  of  onset  of  unstable  con- 
vection and  the  period  of  persistence,  (2)  the  time  of  onset  of 
stably  stratified  conditions  and  the  period  of  persistence,  (3)  a 
minimum  height  to  which  the  convective  plumes  will  carry 
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surface-generated  pollutants,  (4)  the  thickness  of  the  turbulent 
ground-based  shear  layer  in  stable  conditions,  and  (5)  the 
heights  of  various  stable  layers  and  inversions  aloft. 

In  addition,  they  point  out  that  when  the  echosonde  is 
combined  with  other  in  situ  meteorological  instruments  (ra- 
winsondes,  anemometers,  or  vertically  separated  temperature 
probes)  or  with  other  remote  sensing  instruments,  the  infor- 
mation available  to  the  air  pollution  meteorologist  is  much 
more  useful.  Simplified  models  for  developing  a  quantitative 
estimate  of  dispersion  based  on  the  echosonde  and  in  situ 
measurements  are  presented.  Beran  and  Hall  [1973,  1974]  and 
Tombach  and  Chan  [1976]  show  that  when  echosondes  are 
combined  with  arrays  of  other  remote  sensors  or  rawinsondes, 
especially  when  Doppler  echosondes  are  used,  a  valuable  mea- 
sure of  urban  area  mixing  depths  and  wind  patterns  can  be 
deduced.  The  combination  of  an  echosonde  array  within  an 
urban  area  ringed  by  transverse  laser  wind  sensors  would 
answer  many  of  the  questions  that  the  air  pollution  meteor- 
ologist must  answer  on  pollutant  concentration  and  the  time 
rates  of  change  of  these  levels. 

The  operation  of  a  monostatic  echosonde  in  the  Los  Angeles 
area  made  it  possible  to  monitor  the  depth  of  the  convectively 
mixed  layer  to  the  base  of  the  marine  inversion  most  of  the 
time  as  well  as  to  document  the  arrival  of  the  sea  breeze  front 
at  an  inland  site.  In  addition,  Edinger  [1975]  makes  the  inter- 
esting observation  of  the  precursors  to  stratus  breakup  ob- 
served by  the  sounder.  Since  the  breakup  of  the  clouds  allows 
for  greater  surface  heating  and  an  increase  in  mixing  layer 
depth,  this  ability  of  the  echosonde  also  has  important  air 
pollution  meteorology  applications.  When  an  array  of  echo- 
sondes is  deployed  in  an  urban  area,  it  is  possible  to  map  the 
topography  of  elevated  inversions  and  the  area-wide  develop- 
ment of  the  mixing  layer.  Such  an  experiment  has  been  per- 
formed in  the  San  Francisco  Bay  area  by  Russell  and  Uthe 
[1977],  who  correlated  the  facsimile  records  of  the  mixing  layer 
depth  with  measurements  of  the  concentration  of  particulate 
matter.  In  general,  good  agreement  was  obtained:  increasing 
the  mixing  layer  depth  lowers  particulate  concentration.  They 
viewed  the  three-station  experiment  as  being  successful  enough 
to  justify  the  expansion  to  a  13-station  echosonde  network.  It 
needs  to  be  pointed  out,  however,  that  the  low-lying  inversions 
in  the  San  Francisco  Bay  area,  where  Russell  and  Uthe  per- 
formed their  study,  are  ideally  suited  for  echosonde  studies. 
They  caution  against  indiscriminately  extending  the  results 
and  conclusions  of  their  investigation  to  other  urban  areas. 

The  array  of  echosondes  deployed  around  St.  Louis  during 
the  Metromex  program  in  1973  indicated  that  nocturnal  in- 
version depths  near  St.  Louis  averaged  50-100  m  greater  than 
those  in  the  surrounding  rural  areas  [E.  L.  Miller,  1974]. 
Further  measurements  since  made  in  the  Chicago  region  seem 
to  confirm  this  indication. 

Echosonde  Facsimile  Interpretation 

Although  the  feasibility  of  quantitative  acoustic  echo  inter- 
pretation has  been  demonstrated,  most  echosondes  record 
data  only  on  facsimile  machines;  the  darkening  of  the  facsimile 
record  is  related  qualitatively  to  the  intensity  of  the  scattered 
sound.  The  patterns  of  atmospheric  turbulence  versus  time  so 
displayed  can  tell  the  experienced  observer  much  about  the 
status  of  the  atmosphere,  and  much  more  can  be  extracted 
when  additional  meteorological  observations  are  made  in  con- 
junction with  the  facsimile. 

A  paper  summarizing  the  typical  facsimile  record  appear- 
ance with  in  situ  measurements  of  temperature,  humidity,  and 


wind  has  been  published  by  Estival  and  Aubry  [1976].  They 
used  a  tethered  balloon  for  the  in  situ  measurements  and 
documented  the  general  enhancement  of  wind  shear  in  ele- 
vated layers  along  with  the  usually  slight  temperature  stability 
in  elevated  shear  layers.  The  earlier  explanation,  that  the  grad- 
ient Richardson  number  within  portions  of  the  layers  is  small 
enough  to  cause  the  turbulent  mixing,  is  not  contradicted  by 
this  paper.  However,  we  clearly  need  to  obtain  more  highly 
resolved  turbulence  data  in  both  ground-based  shear  layers 
and  in  elevated  layers,  along  with  measures  of  the  inter- 
mittency  of  this  turbulence,  to  be  absolutely  sure  that  the 
interpretation  presented  here  is  correct. 

In  a  pioneering  effort  to  bring  some  order  out  of  the  chaos 
of  the  diversity  of  facsimile  record  patterns,  Clark  and  Bendun 
[1974]  proposed  a  numerical  classification  scheme.  Briefly, 
their  pattern  types  are  characterized  as  follows:  type  0,  noisy 
record  or  no  structure  visible;  types  1-5,  ground-based  shear 
layers  of  increasing  depth,  showing  some  horizontal  strati- 
fication for  types  4  and  5;  types  6-10,  ground-based  shear 
layers  with  complex,  separated  elevated  bands,  descending 
with  time  in  types  9  and  10;  types  11  and  12,  ground-based 
shear  layers  with  additional  elevated  layers  rising  with  time; 
and  type  1 3,  convective  plumes. 

In  a  similar  manner,  Fukushima  et  al.  [1975ft]  devised  a 
pictorial  scheme  in  which  monthly  summary  charts  of  facsim- 
ile patterns  are  characterized  by  alphabetic  symbols  for  wind, 
precipitation  noise,  or  equipment  problems;  stratified  returns 
are  shown  by  thick  solid  lines  giving  some  indication  of  the 
structure  and  appearance  in  the  facsimile  charts,  and  vertical 
accent  symbols  are  used  to  characterize  convective  thermal 
plumes.  In  a  brief  survey  paper,  Thomson  [1975]  has  provided 
references  to  papers  treating  these  various  classes  of  facsimile 
records. 

It  seems  desirable,  however,  to  develop  a  classification 
scheme  with  descriptors  that  indicate  the  status  of  the  atmo- 
sphere. Enough  is  now  understood  about  why  characteristic 
facsimile  patterns  develop  to  allow  this  kind  of  classification. 

Let  us  consider  first  the  stably  stratified  atmosphere.  The 
fundamental  echo  structure  here  is  the  ground-based  shear 
layer,  shown  in  Figures  20a  and  20ft.  Such  layers,  measuring 
from  a  few  tens  of  meters  to  several  hundred  meters  thick, 
show  as  featureless  black  bands  when  the  facsimile  chart  is 
compressed  in  time,  but  they  will  show  distinct,  sloping,  turbu- 
lent wave  patterns  when  the  record  is  stretched  out.  As  was 
discussed  earlier,  such  echoes  develop  when  significant  wind 
shear  occurs  across  the  ground-based  stable  layer.  When  this 
echo  appears  alone,  the  facsimile  can  be  classified  as  GBSL 
followed  by  the  depth  of  the  layer  in  meters.  The  classification 
can  be  further  modified  by  the  adjective  'thickening'  or  'pinch- 
ing' (T  or  P)  if  the  layer  depth  is  increasing  with  time  or 
decreasing  with  time. 

When  strong  low-level  jets  or  wind  sheets  occur  within  the 
lower  stably  stratified  region,  the  GBSL  may  present  a  divided 
appearance.  On  stretching  out  such  a  facsimile  record  the 
turbulent  waves  will  be  found  to  slope  in  opposite  directions 
away  from  the  clear,  bifurcating  region.  This  pattern  repre- 
sents a  modification  of  the  simple  shear  layer,  so  it  is  suggested 
that  the  letter  B  be  appended  as  an  adjective  to  GBSL  when 
the  bifurcation  appears.  Under  the  strong  wind  conditions 
when  the  GBSL  is  broken  into  intermittent  bursts,  the  suffix  I 
may  be  appended  to  the  descriptor. 

The  GBSL  classification  may  be  modified  when  separated 
layers  aloft  occur  on  the  facsimile  record.  When  such  layers 
are  clearly  not  directly  associated  with  the  GBSL  (as  occurs  in 


75 


94 


Brown  and  Hall:  Advances  in  Atmospheric  Acoustics 


the  bifurcated  pattern),  it  is  suggested  that  'EL'  (elevated 
layers  aloft)  be  appended  to  the  GBSL  designation.  In  addi- 
tion, the  adjectives  'ascending'  or  'descending'  may  be  ap- 
pended to  the  EL  modifier,  since  the  appearance  of  these  layers 
may  be  important  in  depicting  mesoscale  subsidence  or  con- 
vergence above  the  GBSL. 

A  second  general  category  of  the  stably  stratified  atmo- 
spheric echoes  involves  layers  separated  from  the  surface,  mul- 
tiple layers,  or  density  currents.  When  a  single  elevated  shear 
layer  (perhaps  quite  similar  to  the  GBSL  but  clearly  separated 
from  the  surface)  is  observed,  it  can  be  classified  as  an  elevated 
shear  layer  (ESL)  followed  by  the  elevation  in  meters  or,  for 
thick  layers,  the  elevation  range.  When  the  layer  is  known  to 
correspond  with  a  stratus  top,  this  designation  may  be  ap- 
pended to  the  descriptor. 

Under  low-wind  conditions  the  appearance  of  multiple,  de- 
coupled layers  may  occur,  as  is  shown  in  Figure  22.  It  is 
suggested  that  these  be  simply  identified  as  'multiple  layers' 
(ML),  the  range  in  elevation  being  appended.  Such  additional 
descriptors  as  'undulating'  (U)  may  be  appended  when  wave 
amplitude  in  the  layers  significantly  exceeds  layer  thickness.  In 
addition,  when  complex  breaking  wave,  descending,  ascend- 
ing, or  interleaved  layers  appear,  it  is  suggested  that  the  ML 
pattern  be  described  as  'complex'  (C),  this  being  indicative  of 
significant  changes  occurring  in  the  elevated  patterns  but  prob- 
ably associated  with  rather  low  kinetic  energies,  for  otherwise 
the  patterns  would  not  be  separately  discerned  and  decoupled. 

Finally,  density  currents,  be  they  caused  by  synoptic  or 
mesoscale  fronts,  cool  outflows  from  storms,  or  katabatic 
winds,  may  be  described  as  'DC  These  are  transient  events, 
which  will  probably  decay  into  one  or  another  of  the  preceding 
designations  after  1  hour  or  so.  A  source  descriptor  can  be 
appended  when  the  cause  of  the  density  current  echo  is  known. 
When  breaking  waves  appear  within  the  current,  as  is  ex- 
emplified by  Figure  21,  that  appearance  also  seems  dynami- 
cally significant  enough  to  merit  an  appending  descriptor 
(BW). 

When  we  come  to  the  convectively  unstable  atmosphere,  the 
convective  plume  (CP)  will  be  the  typical  echo.  An  example 
has  already  been  shown  in  Figure  3.  It  may  be  desirable  to 
append  to  the  CP  designation  the  height  to  which  the  plumes 
can  be  observed. 

Combinations  of  the  above  descriptors  will  often  occur  on  a 
single  facsimile  record.  It  is  suggested  that  the  classifications 
provided  can  be  used  in  sequence,  progressing  upward  from 
the  surface  to  describe  the  features  depicted.  For  example,  in 
Figure  19  we  find  convective  plumes  capped  by  an  elevated 
shear  layer;  the  classification  for  this  record  would  be  CPESL, 
the  additional  qualifier  'ascending'  being  applied  to  the  ele- 
vated layer. 

It  is  believed  that  the  descriptors  suggested  above  can  be 
made  to  fit  any  facsimile  record.  When  an  echosonde  is  being 
used  to  obtain  a  climatology  of  the  planetary  boundary  layer, 
tables  of  descriptors  and  appropriate  heights  for  each  hour  (or 
possibly  somewhat  longer)  can  be  assembled,  thus  providing  a 
semiquantitative  record  of  what  the  boundary  layer  is  doing  at 
a  particular  site.  Schubert  [1975]  gives  examples  of  such  clima- 
tological  record  use  at  two  sites  in  the  eastern  United  States.  In 
any  tabular  classification  of  boundary  layer  structure  it  is 
almost  essential  to  have  a  'remarks'  column  for  further  ex- 
planation of  unusual  events,  such  as  the  mesoscale  or  occluded 
synoptic  scale  fronts  described  by  Parry  et  al.  [1975]. 

A  tabular  boundary  layer  climatology  format  is  convenient 
for  digital  processing,  by  which  statistics  of  the  mixed  layer 


depth  or  the  relative  frequency  of  different  types  of  patterns 
can  be  obtained.  Alternatively,  the  range-gated  raw  signal 
from  the  echosonde  may  be  processed  by  an  analog-to-digital 
converter  and  directly  coupled  to  a  computer  for  processing. 
One  method  of  achieving  this  has  been  described  by  Hess  and 
Wesely  [1973].  They  store  data  compactly  on  magnetic  tape,  so 
that  such  information  as  inversion  heights,  relative  intensities 
of  the  acoustic  echoes,  or  the  statistics  of  different  facsimile 
patterns  can  be  obtained  as  required.  A  similar  method  has 
been  described  by  Werner  [1977],  who  correlated  the  echo- 
sonde returns  with  lidar  and  visibility  measurements  of  the 
boundary  layer.  A  somewhat  different  digitization  scheme  has 
been  employed  by  Carsey  and  Leavitt  [1977],  who  identify  the 
height  of  successive  layers  occurring  in  echosonde  returns 
obtained  in  polar  regions.  Their  work  has  resulted  in  a  first 
development  of  echosonde  boundary  layer  climatologies  over 
the  Arctic  ice  cap. 

Hybrid  Acoustic  and  Electromagnetic  Systems 

We  have  mentioned  already  the  advantages  of  using  the 
attributes  of  atmospheric  acoustic  waves  in  combination  with 
electromagnetic  waves,  be  they  in  the  optical  or  radio  fre- 
quency range.  As  was  pointed  out  by  Derr  and  Little  [1970], 
the  interaction  of  acoustic  waves  with  temperature  or  velocity 
structure  in  the  atmosphere  is  indeed  complemented  by  optical 
scattering  from  aerosols  or  scintillation  from  temperature 
structure.  Radar  waves  scatter  strongly  from  precipitation  par- 
ticles and  also  from  fluctuations  in  the  water  vapor  mixing 
ratios  in  the  atmosphere.  As  was  predicted  by  Derr  and  Little, 
many  significant  experiments  combining  acoustic  and  electro- 
magnetic probing  of  the  atmosphere  have  now  been  per- 
formed; more  details  follow  immediately. 

Lasers  and  A  coustics 

During  the  1971  Metromex  air  pollution  meteorology  exper- 
iment in  the  St.  Louis  area,  the  Stanford  Research  Institute 
operated  a  vertically  directed  pulsed  ruby  lidar  and  compared 
the  results  with  the  Argonne  Laboratories'  echosonde  [Uthe 
and  Russell,  1974].  An  example  of  the  comparison  between  the 
time  height  displays  provided  by  the  lidar  and  those  provided 
by  the  echosonde  is  given  in  Figure  31.  It  wtH  be  seen  that  both 
instruments  trace  the  top  of  the  mixing  layer  as  it  is  heated  by 
convection  from  below  but  that  after  noon  the  sudden  growth 
of  the  mixed  layer  documented  by  the  lidar,  which  clearly 
shows  the  maximum  altitude  of  this  mixing  layer  depth  to  be 
near  1.2  km,  is  lost  by  the  sounder,  which  shows  only  con- 
vective plumes  to  about  1  km.  Because  of  the  difference  in 
scattering  centers  observed  with  the  two  instruments,  much 
more  is  learned  about  the  evolution  and  decay  of  the  planetary 
boundary  layer  when  both  are  used  than  when  either  in- 
strument is  used  alone. 

A  similar  lidar-echosonde  experiment  in  the  1972  Metromex 
has  been  described  by  Russell  et  al.  [1974],  Comparing  the 
results,  the  authors  conclude  that  in  the  early  morning  hours 
the  lidar  and  echosonde  generally  perform  equally  well  in 
defining  the  depth  of  the  mixed  layer,  although  the  lidar  traces 
the  activity  to  its  full  vertical  extent  when  the  convective 
regime  matures  in  midday.  The  echosonde  depicts  the  refor- 
mation of  subsidence  layers  in  the  early  evening  hours;  the 
lidar  does  not  show  these  layers  because  there  is  evidently  no 
difference  in  the  turbidity,  as  might  be  expected  because  of  the 
very  low  settling  speeds  of  the  aerosol  particles.  Both  in- 
struments frequently  revealed  wave  structures  in  the  early 
morning  inversions,  and  there  may  be  a  possibility  of  utilizing 
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both  instruments  to  understand  the  transport  of  aerosols 
through  these  sometimes  turbulent  shear  layers. 

In  a  quite  different  study,  Werner  [1977]  compared  lidar  and 
echosonde  returns  with  transmissometer  results  in  order  to 
determine  how  the  remote  sensing  instruments  aided  the  fore- 
casting of  visibility.  The  echosonde  determined  the  top  of  the 
radiation  fog,  whereas  the  lidar  indicated  the  depth  into  which 
the  optical  radiation  penetrated  the  stratus,  complementing 
the  echosonde  results  in  visibility  predictions. 

Radar  and  Echosonde  Investigations 

With  the  development  of  the  FM/CW  high-resolution  ra- 
dar, it  became  possible  to  monitor  fine-scale  fluctuations  in  the 
radio  refractive  index  in  the  atmosphere,  caused  principally  by 
fluctuations  in  the  water  vapor  mixing  ratio  [Gossard  et  al., 
1970].  Multiple  layers,  breaking  waves,  and  convective  cells 
were  detectable  in  the  southern  California  marine  layer  by  use 
of  this  technique.  Mandics  [1973]  attempted  to  correlate  re- 
turns from  a  monostatic  echosonde  with  radio  refractivity 
fluctuations,  at  least  qualitatively.  When  radio  refractivity  re- 
sults at  different  levels  on  an  instrumented  tower  showed  little 
correlation,  indications  were  found  on  the  echosonde  facsimile 
records  that  there  was  considerable  decoupling  between  the 
two  layers,  so  that  agreement  might  not  be  expected.  This 
suggested  that  a  combined  radar  and  echosonde  experiment 
might  be  useful  in  providing  a  more  complete  picture  of  atmo- 
spheric layering,  gravity  waves,  and  other  structures  character- 
istic of  the  dynamic  boundary  layer.  The  results  to  be  gained 
and  the  resulting  insight  into  the  organization  of  turbulence  in 
the  stratified  atmosphere  were  reviewed  by  Ottersten  el  al. 
[1973]. 

An  experiment  performed  at  Wallops  Island,  Virginia,  dur- 
ing late  1973  utilized  both  an  echosonde  and  an  FM/CW 
radar  [Richer  et  al.,  1974;  Arnold  et  al.,  1975].  During  the 
passage  of  a  weak  cold  front  a  density-current-like  pattern 
observed  with  the  echosonde  was  also  traced  out  by  the  FM/ 
CW  radar,  which  sensed  the  moisture  fluctuations  outlining 
the  frontal  surface.  Further  experiments  in  the  marine  bound- 
ary layer  in  California  [Richter  and  Jensen,  1975]  showed  that 
while  the  echosonde  frequently  detected  the  large  temperature 
structure  convective  plumes,  the  FM/CW  radar  depicted  the 
top  of  the  marine  inversion  (where  moisture  discontinuities  are 
quite  dramatic),  which  the  echosonde  missed. 

A  detailed,  quantitative  evaluation  of  the  Wallops  Island 
experiment  is  given  by  Noonkester  [1976].  Mixing  layer  depths 
determined  with  the  echosonde,  the  FM/CW  radar,  and  a 
high-power  pulse  radar  were  compared  by  using  supple- 
mentary radiosonde  information.  The  agreement  between  data 
from  the  three  remote  sensors  is  remarkably  good  for  the 
ground-based  shear  layers  and  for  the  development  of  the 
convectively  mixed  layers  during  the  early  morning  hours. 
However,  the  echosonde  is  unable  to  observe  the  decay  of  the 
top  of  the  convective  field  in  the  afternoon  hours,  whereas  the 
two  radars  continue  to  do  a  reasonably  good  job.  Noonkester 
points  out  the  caution  that  must  be  used  when  considering 
convection,  whether  the  measurements  have  been  obtained 
through  the  CT'  sensing  of  the  echosonde  or  the  radio  C„" 
sensing  of  the  radars.  The  echosonde  frequently  observed  lay- 
ered structure  in  the  nocturnal  inversion  to  a  higher  level  than 
the  FM/CW  radar  did.  Such  structures  obviously  represent 
temperature  turbulence  events  not  associated  with  the  top  of 
the  moist,  ground-based  layer. 

Echosondes,  lidar,  and  FM/CW  radar  have  been  compared 
by  the  Naval  Electronics  Laboratory  group  [Noonkester  et  al., 


1976].  The  marine  fogbanks  along  the  California  coast  show 
significant  returns  for  the  echosonde  and  FM/CW  radar,  but 
on  occasion,  the  fog  is  dense  enough  that  the  lidar  is  unable  to 
penetrate  to  the  top  of  the  layer. 

Another  method  of  comparing  echosonde  returns  with  ra- 
dar data  is  to  utilize  chaff  to  outline  the  atmospheric  patterns, 
thus  making  possible  the  utilization  of  lower  sensitivity  radars. 
Chaff  dispensed  in  convective  plumes  will  remain  dispersed  for 
long  periods  of  time,  allowing  comparative  measures  of  the 
mixing  layer  depth  and  velocity  structure  by  radar  and  by 
echosonde.  Such  an  experiment  has  been  reported  by  Frisch 
and  Clifford  [1974],  who  show  that  the  regions  within  the 
echosonde  plumes,  in  the  low  echo  level  region  immediately 
above  the  plumes,  and  in  the  capping  inversion  are  regions  of 
nearly  uniform  dissipation  of  kinetic  energy.  The  dissipation 
measurements  were  achieved  by  using  dual  pulsed  Doppler 
radars  and  estimating  the  dissipation  by  means  of  the  second 
moment  of  the  Doppler  spectrum.  The  result  confirms  the 
nearly  uniform  bistatic  appearance  of  the  convective  plume 
pattern  already  mentioned,  since  dissipation  can  be  directly 
related  to  C2  by  means  of  (79).  The  echosonde  can  also  be 
used  to  advantage  in  depicting  the  scale  size  of  a  convective 
event  for  comparison  with  the  size  of  a  convective  cell  revealed 
by  radar  detection  of  chaff  [Frisch  et  al.,  1976]. 

Radar  A  coustic  Sounding  Systems  (RA  SS) 

As  was  discussed  earlier,  sound  waves  propagating  through 
the  atmosphere  may  be  characterized  as  periodic  pressure 
fluctuations.  These  fluctuations  in  pressure  produce  a  change 
in  the  electromagnetic  index  of  refraction  as  well.  Smith  [1961] 
and  Fetter  [1961]  proposed  using  the  advection  of  this  pressure 
field  as  a  measure  of  wind  velocity,  the  probing  being  done  by 
electromagnetic  radiation.  The  22-kHz  sound  waves  used  lost 
coherence  so  rapidly  that  the  system  was  limited  to  ranges  of 
30  m,  however. 

By  operating  at  a  lower  acoustic  frequency  (85  Hz)  Marshall 
et  al.  [1972]  proved  the  feasibility  of  obtaining  radar  echoes 
from  the  acoustic  tone  burst  at  ranges  of  more  than  1  km. 
They  proposed  to  utilize  the  temperature  dependence  of  sound 
velocity  as  a  method  for  remote  probing  of  the  temperature 
profile  in  the  lower  atmosphere.  Marshall  et  al.  show  that  the 
received  radar  power  Pr  is  given  by 

RASS  equation 

Pr-lJ8Xl0-»^^H%^vX*^/2MV         (g3) 

R2        (    (ka  -  2ke)(n\a/2)     ) 

where  P,  is  the  transmitted  power  of  the  radar,  Pa  is  the 
acoustic  radiated  power,  g  is  the  directivity  of  the  acoustic 
antenna,  and  n  is  the  number  of  wavelengths  in  an  acoustic 
pulse.  The  received  power  falls  off  with  range  R  because  of  the 
decreasing  acoustic  intensity  in  the  spherically  diverging  pres- 
sure wave;  the  wave  numbers  of  the  acoustic  wave  and  electro- 
magnetic wave  are  ka  and  ke,  respectively.  The  expression 
assumes  perfectly  coherent  acoustic  and  electromagnetic 
waves  so  that  when  the  ratio  ka/ke  =  2.0,  the  reflection  coeffi- 
cient is  maximized.  Marshall  et  al.  calculated  that  the  match  in 
wavelength  ratio  is  critical  when  n  >  10.  More  details  on  the 
development  of  RASS  are  given  in  reports  by  Marshall  [1970] 
and  by  North  and  Frankel  [1972]. 

A  comparison  of  RASS  temperature  profiles  with  radio- 
sonde measurements  of  temperature  to  heights  of  2.7  km  has 
been  reported  by  North  et  al.  [1973].  The  Doppler  radar, 
operating  at  a  frequency  of  36.8  MHz  was  a  continuous  wave 
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unit  with  transmitting  and  receiving  Yagi  antennas  placed 
symmetrically  about  the  pulsed  acoustic  transmitter.  This  was 
a  folded  horn  design,  for  use  at  85  Hz,  as  described  by  Frankel 
and  Peterson  [1976].  North  et  al.  discussed  the  potential  errors 
in  RASS  measurements  due  to  water  vapor  and  vertical  cur- 
rents in  the  atmosphere.  Realistic  errors  in  the  water  vapor 
mixing  ratio  amount  to  1  K  or  less,  but  each  meter  per  second 
of  vertical  current  speed  produces  a  temperature  error  of  1.7 
K.  Thus  when  convective  plumes  are  present,  it  may  be  neces- 
sary to  average  the  RASS-derived  profiles  for  many  minutes  to 
remove  the  vertical  currents  (which  can  exceed  2  m  s1)  in 
convection.  Profiles  accurate  to  within  about  1  K  were  indeed 
obtained  in  the  field  tests  by  North  et  al. 

The  range  limitation  imposed  on  a  RASS  because  of  turbu- 
lence, which  reduces  the  coherence  of  the  acoustic  wave,  has 
been  analyzed  by  Clifford  and  Wang  [1977].  They  show  that 
the  turbulent  effects  change  the  range  dependence  from  R~2  to 
R~u,i.  Strong  turbulence  can  thus  reduce  the  range,  even  at 
the  low  acoustic  frequency  of  85  Hz  used  by  North  el  al.,  to 
several  hundred  meters.  A  newer,  higher-frequency  RASS  re- 
ported by  Frankel  et  al.  [1977],  utilizing  an  acoustic  frequency 
of  1.0  kHz,  would  be  more  strongly  influenced  by  turbulence. 
This  system  has,  however,  operated  to  ranges  of  almost  1  km. 

An  even  more  severe  limitation  to  RASS  performance  is 
caused  by  the  advection  of  the  acoustic  pulse  by  wind.  The 
ideal,  spherical,  coherent  acoustic  grating  reflects  the  electro- 
magnetic signal  directly  back  in  the  collocated  acoustic-elec- 
tromagnetic antenna  configuration.  Frankel  et  al.  [  1977]  report 
that  when  the  wind  speed  exceeded  4  m  s"1,  it  was  necessary  to 
reconfigure  RASS  as  a  bistatic  radar.  In  such  a  configuration 
the  radar  antennas  were  aligned  with  the  wind  direction,  the 
transmitting  antenna  being  upwind  from  the  acoustic  source 
and  the  receiving  antenna  being  placed  symmetrically  down- 
wind. Because  the  reflected  electromagnetic  signal  may  drop  to 
one-tenth  the  perfect  focus  intensity  at  a  radius  of  only  several 
meters  from  this  ideal  point,  it  appears  that  it  might  be  neces- 
sary to  deploy  an  array  of  electromagnetic  transmitting  and 
receiving  antennas  symmetrically  about  the  acoustic  trans- 
mitter to  optimize  RASS  performance  in  the  presence  of  realis- 
tic boundary  layer  winds.  Nevertheless,  the  potential  of  RASS 
for  obtaining  temperature  profiles  is  of  such  importance  in 
boundary  layer  meteorology,  and  especially  for  air  pollution 
prediction,  that  the  system  is  a  worthy  candidate  for  further 
development. 

Passive  Acoustics  and  Infrasound 

Up  to  this  point  we  have  considered  the  use  of  active  sound 
sources  in  probing  the  atmosphere,  a  process  in  which  the 
received  signals  are  caused  by  scattering  or  refraction  in  atmo- 
spheric structure.  One  can  also  utilize  naturally  occurring 
sounds  to  probe  the  atmosphere.  Examples  of  such  passive 
sources  are  thunder  in  the  audible  region  and  infrasound  from 
atmospheric  turbulence  and  waves,  from  storms,  or  from  the 
ocean  at  the  lower  acoustic  frequencies. 

Thunder  is  the  spectrum  of  sound  generated  by  lightning  in 
the  atmosphere,  stretched  out  in  time  because  of  the  differing 
transmission  path  lengths  from  the  extended  channel  source.  If 
one  places  an  array  of  microphones  on  the  ground,  it  is  pos- 
sible to  reconstruct  the  shape  of  the  lightning  channel  by 
correlating  the  direction  cosines  and  the  arrival  times  of  identi- 
fiable temporal  segments  of  the  thunder.  This  technique  has 
been  proven  feasible  by  Few  [1970]  in  a  continuing  series  of 
investigations.  Typically,  three  or  four  microphones  are  laid 
out  in  each  array;  a  Y-shaped  array  with  spacings  of  30-100  m 


between  microphones  has  proven  to  be  most  useful.  It  is  the 
tortuous  nature  of  the  lightning  channel  (the  many  kinks  and 
bends)  that  gives  rise  to  the  time  variability  of  the  acoustic 
signature  [Few,  1969].  Of  course,  sound  that  arrives  from  more 
distant  portions  of  the  channel  will  be  attenuated  in  the  higher 
frequencies  because  of  molecular  absorption  in  the  atmo- 
sphere. Typical  power  spectra  corresponding  to  differing  ar- 
rival times  have  been  given  by  Few  [1969]. 

In  evaluating  thunder  data  it  is  important  to  know  the 
temperature  and  wind  as  functions  of  height  in  reconstructing 
the  sound  rays  back  to  their  point  of  origin.  The  method  of 
analysis  and  the  expected  errors  in  establishing  the  lightning 
channel  geometry  are  discussed  by  Teer  and  Few  [1974]  from 
data  gathered  by  using  a  triangular  array  of  three  microphones 
100  m  apart.  During  the  mature  and  decaying  times  of  an 
Arizona  thunderstorm,  17  cloud-to-ground  and  20  intracloud 
lightning  discharges  were  mapped.  The  results  indicate  that 
horizontal  lightning  structures  within  clouds  are  more  per- 
sistent and  extended  than  has  been  previously  determined 
from  electric  field  measurements  from  the  ground.  Typically, 
the  horizontal  extent  of  a  lightning  discharge  will  be  3  times 
the  vertical  extent.  The  accuracy  with  which  the  channels  can 
be  reconstructed  has  been  confirmed  by  overlaying  acoustic 
records  onto  photographs  of  visible  portions  of  cloud-to- 
ground  strokes  [Few  and  Teer,  1974],  Typical  positional  errors 
seem  to  be  within  4%  when  wind  and  temperature  profiles  are 
well  known.  (A  90-m  error  at  a  range  of  2.5  km  was  docu- 
mented.) When  supportive  wind  measurements  are  not  avail- 
able, errors  may  be  about  10%. 

As  a  result  of  the  acoustic  thunder  research  we  have  learned 
that  lightning  activity  is  predominantly  horizontal  and  is  con- 
centrated in  the  zone  within  the  cloud  associated  with  freezing 
[Few,  1974].  A  positive  correlation  between  radar  reflectivity 
values  within  the  cloud  and  lightning  activity  has  also  been 
found.  Thus  this  acoustic  method  is  already  having  impact  in 
an  important  area  of  cloud  physics. 

Besides  the  audible  acoustic  waves  in  the  atmosphere,  there 
is  a  class  of  wave  in  which  the  force  of  gravity  can  no  longer  be 
neglected.  These  so-called  'acoustic  gravity  waves'  occur  in  the 
frequency  region  from  about  1  to  10  4  Hz  or  less  [Georges  and 
Young,  1972].  Sensors  for  these  waves  have  historically  been  of 
the  microbarograph  type.  To  eliminate  background  noise, 
such  as  eolian  wind  tones,  it  is  usual  practicejto  connect  the 
pressure-sensing  instrument  to  a  noise-reducingmultiple-aper- 
ture  pipe,  typically  100  m  long  [Burridge,  1971].  When  the 
pressure  sensor  is  capable  of  measuring  changes  of  about  1 
part  in  10s,  or  0.01  ^bar,  with  sufficient  noise  rejection,  a 
number  of  atmospheric  wave  motions  are  detectable  [Cook, 
1962;  Cook  and  Young,  1962].  It  is  usually  necessary  to  arrange 
the  sensors  with  their  noise-reducing  pipes  in  an  array  so  that 
the  direction  of  arrival  of  the  wave  can  be  used  to  discriminate 
further  against  random  background  noise.  When  this  is  done, 
the  most  characteristic  wave  patterns  observed  have  a  period 
of  approximately  5  s  and  an  amplitude  of  about  5^bar.  These 
are  the  so-called  'microbaroms'  frequently  observed  with  in- 
frasonic  microphones  spaced  I  km  apart  in  an  array.  Micro- 
baroms are  seldom  detectable  in  larger  arrays.  The  direction  of 
arrival  of  the  microbarom  signal  is  not  limited  to  a  single 
direction:  the  spatial  correlation  is  low,  indicating  a  wide-area 
source.  This  source  is  now  believed  to  lie  in  oceanic  waves. 
Correlating  directions  of  arrival  by  using  arrays  spaced  many 
hundreds  of  kilometers  apart  usually  leads  to  intersections  in 
oceanic  areas. 

Another  class  of  infrasonic  wave,  typically  with  periods  of 
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about  40  s,  originates  in  mountainous  regions.  Larson  el  at. 
[1971]  report  on  triangulation  using  arrays  at  Pullman,  Wash- 
ington, and  Edson,  Alberta,  Canada,  and  identify  a  region  of 
the  Canadian  Rocky  Mountains  as  the  source  region.  The 
signals  also  showed  a  correlation  with  wind  speed  and  direc- 
tion at  the  500-mbar  level.  Typical  amplitudes  for  this  moun- 
tain-associated infrasound  are  near  0.5  /xbar. 

In  a  more  recent  study,  Bedard  [1977]  shows  excellent  corre- 
lation between  500-mbar  winds  and  aircraft  reports  of  turbu- 
lence in  apparent  wave  source  generating  regions  to  the  lee  of 
Pike's  Peak  or  Long's  Peak  (both  peaks  higher  than  4.3  km)  in 
Colorado.  There  seems  to  be  no  doubt  that  turbulent  eddies 
in  the  mountain  wake  are  responsible  for  the  infrasound,  but 
the  exact  generation  mechanism  (quadrupoles  or  eolian  tones) 
is  still  not  well  understood. 

Another  source  of  atmospheric  infrasound  is  auroral  distur- 
bances. Wilson  [1969]  has  shown  that  typical  auroral  in- 
frasonic  wave  packets  have  amplitudes  of  several  microbars 
and  that  the  waves  at  the  beginning  of  the  packet  may  exhibit 
periods  of  a  few  seconds,  stretching  out  to  periods  of  1  min  or 
longer  toward  the  end  of  the  packet.  A  typical  packet  of  waves 
is  identifiable  for  periods  of  5  min  or  longer.  Auroral  in- 
frasound is  easily  separated  from  infrasound  originating  lower 
in  the  atmosphere,  since  the  trace  velocity  across  an  array  of 
microbarographs  will  average  about  500  m  s1.  This  is  because 
the  angle  of  arrival  (at  least  in  Alaska)  averages  45°  in  eleva- 
tion. The  source  of  the  infrasound  is  associated  with  super- 
sonic motion  in  auroral  arcs.  This  explanation  has  been  sup- 
ported by  correlating  infrasonic  events  with  all-sky 
photographs  of  the  aurora. 

Another  interesting  subset  of  infrasonic  waves  originates  in 
severe  convective  storms.  Georges  [1973]  has  examined  the 
evidence  that  infrasonic  waves  do  originate  in  such  storms  and 
are  detectable  at  distances  of  several  hundred  to  1000  km.  He 
shows  a  strong  correlation  between  infrasonic  observations 
and  electromagnetic  Doppler  soundings  of  wavelike  iono- 
spheric motions,  concluding  that  both  events  are  manifesta- 
tions of  a  single  source  process.  As  potential  sources  of  in- 
frasound, Georges  [1976]  analyzes  models  of  pressure  pulses  in 
growing  convective  cells,  of  infrasound  emission  from  turbu- 
lence in  storm  clouds,  of  thermal-mechanical  mechanisms  re- 
lated to  the  heat  release  in  clouds,  and  of  the  electrical  activity 
in  storms.  He  concludes,  however,  that  the  most  likely  model 
for  the  infrasonic  emission  is  a  vortex  radiation  mechanism, 
which  suggests  that  the  tornadic  cyclones  may  be  the  in- 
frasound emitters.  This  mesoscale  rotation  is  sometimes  noted 
(by  radar  observation)  I  hour  before  tornadoes  touch  the 
ground.  This  early  development  of  the  mesoscale  rotation 
could  explain  the  infrasound  observed  at  distances  of  several 
hundred  kilometers  from  tornadoes  being  observed  at  the 
same  time. 

In  analyzing  the  propagation  of  infrasound  from  convective 
storms  into  the  upper  atmosphere,  Jones  and  Georges  [1976] 
conclude  that  the  observed  spectrum  of  infrasound  is  ex- 
plained by  the  source-to-ionosphere  transfer  function  imposed 
by  the  atmosphere.  The  model,  however,  fails  to  match  accu- 
rately the  observed  high-frequency  spectral  roll-off  rate,  which 
leads  to  the  hypothesis  of  a  source  power  spectral  density 
proportional  to  /~"2.  This  is  the  same  spectral  variation  ex- 
pected of  a  turbulent  sound  source.  Because  of  the  finite  transit 
time  through  the  atmosphere,  it  is  not  probable  that  in- 
frasound from  storms  will  be  useful  for  storm  warning.  It  is 
more  likely  that  infrasonic  detection  will  be  a  useful  supple- 
ment to  the  present  forecasting  and  radar  net  warning  system. 


In  a  study  of  false  alarm  rate,  detection  rate,  location  accu- 
racy, and  timeliness,  Georges  and  Greene  [1975]  show  that  at  a 
1000-km  range,  infrasound  from  tornadic  storms  is  measur- 
able 65%  of  the  time  and  that  the  location  of  the  storm  can  be 
determined  to  within  50-100  km  when  three  direction-finding 
arrays  are  utilized.  A  later  study  by  Beasley  el  al.  [1976],  in 
which  electrical  activity  is  compared  with  infrasound  from 
convective  storms,  shows  that  the  infrasonic  emission  does 
precede  the  electrical  activity  by  1  hour  or  more. 

Thus  there  is  now  little  doubt  that  severe  convective  storms, 
especially  tornadic  storms,  can  produce  infrasonic  waves  of 
great  intensity  with  periods  of  about  0.2-2  min.  One  must  be 
some  distance  (at  least  15  km)  from  the  storm  to  observe  its 
sound  because  of  the  propagation  path.  There  can  be  little 
forewarning  of  the  severe  storm  presence.  More  work  remains 
to  be  accomplished  in  explaining  the  source  of  this  infrasound. 

As  is  true  with  any  passive  technique,  infrasonic  measure- 
ments of  the  state  of  the  atmosphere  must  be  taken  as  the 
information  comes  to  the  observer.  For  instance,  noise  from 
strong  winds  at  the  observing  site  can  eliminate  the  possibility 
of  any  measurements.  Nevertheless,  infrasonic  observations 
have  shed  considerable  light  on  atmospheric  processes  that 
would  be  inaccessible  to  echosondes  for  probing. 

The  Future  of  Atmospheric  Acoustics 

In  the  introduction  to  this  paper  we  speculated  that  the 
echosonde  may  represent  only  a  passing  fancy.  Little  [\972d] 
has  shown  that  the  present  range  limitations  on  echosonde 
applications  in  the  planetary  boundary  layer  can  be  overcome 
by  increasing  the  transmitted  power,  increasing  the  integration 
time,  increasing  the  effective  antenna  area,  and  improving  data 
processing  through  the  use  of  matched  filters  and  coherent 
integration.  A  potential  sensitivity  gain  of  80  dB  over  currently 
used  systems  may  be  possible. 

With  the  improvements  and  simplification  in  Doppler  proc- 
essing now  available  through  microcomputers  and  real  corre- 
lation methods,  there  is  no  doubt  that  a  Doppler  echosonde 
wind  profiler  can  be  significantly  less  costly  in  the  very  near 
future.  Such  a  tool  will  undoubtedly  find  significant  appli- 
cation in  air  pollution  meteorology  problems,  especially  if 
adaptive  methods  can  be  developed  so  that  the  echosonde  can 
be  made  to  recognize  the  depth  of  the  mixed  layer  without 
needing  an  expert  meteorologist  to  interpret  the  facsimile  rec- 
ording for  this  information.  Further  processing  of  the  Doppler 
signal  for  velocity  variance  should  lead  to  applications  of 
echosondes  in  predicting  the  dispersion  of  air  pollutants  in  the 
turbulent  planetary  boundary  layer.  But  perhaps  the  future  is 
brightest  for  the  echosonde  in  combination  with  other  remote 
sensors,  such  as  radars  (as  in  the  RASS  method),  or  with  lidars 
for  better  measurements  of  the  mixed  layer  characteristics. 
Certainly,  the  details  of  atmospheric  turbulence  revealed  by 
echosondes  cannot  help  but  provide  modelers  of  boundary 
layer  dynamics  with  new  clues  on  the  organization  of  turbulent 
waves  in  the  atmospheric  fluid.  Turbulence  organization  must 
also  provide  critical  tests  for  the  predictions  of  temperature  or 
velocity  structure  functions.  Improvements  in  data  processing, 
perhaps  using  coherent  detection  techniques  or  acoustic  inter- 
ferometers, may  hold  promise  for  echosonde  temperature  pro- 
filing without  supporting  instruments. 

Scientists  and  engineers  working  in  the  field  of  atmospheric 
acoustics  can  feel  some  satisfaction  with  the  rapid  acceptance 
of  acoustic  methods  over  the  past  several  years.  There  is  still 
plenty  of  work  for  those  interested  in  atmospheric  research,  in 
feasibility  experiments,  and  in  operational  meteorological  pre- 
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dictions,  work  using  to  advantage  the  inherently  straight- 
forward and  inexpensive  acoustic  technology  now  available 
and  supported  by  the  rapid  improvements  in  digital  data  proc- 
essing techniques. 

Appendix  A:  A  Derivation  of 
the  Acoustic  Equation 

Because  some  confusion  exists  regarding  the  conditions  in- 
troduced by  various  authors  in  the  derivation  of  the  acoustic 
equation,  we  append  one  such  derivation  here.  We  use  both 
the  A2  and  A  T2  assumptions  and  the  assumptions  involved  in 
the  separation  into  turbulence  and  acoustic  velocities  de- 
scribed earlier.  Recall  that  the  A1  assumption  requires  us  to 
neglect  second-order  or  higher  acoustic  pressure  and  density 
changes  normalized  by  equilibrium  values  of  pressure  and 
density  (with  respect  to  first-order  changes)  and  second-order 
or  higher  acoustic  particle  velocities  normalized  by  the  equilib- 
rium sound  speed  c0.  Similarly,  the  AT2  assumption  requires 
us  to  neglect  products  of  normalized  acoustic  quantities  with 
higher  than  first-order  normalized  turbulence  properties.  The 
separation  into  acoustic  and  turbulence  properties  implies0that 
turbulence  property  changes  of  the  types  T,  T2,  etc.,  satisfy 
their  own  equations  and  thus  drop  out  of  the  acoustic  equation. 
However,  the  mean  wind  Mach  number  m  =  |w|/c0  requires 
special  treatment,  since  m  can  reach  values  of  approximately 
0.1  (or  even  exceed  this  value  in  hurricanes  and  chinooks), 
whereas  the  rms  value  of  the  Mach  number  of  the  turbulent 
velocity  fluctuations  mrme'  =  (\w'\  2)V2/c0  rarely  reaches  values 
of  approximately  0.01.  But  most  of  the  effects  of  the  mean 
wind  can  be  taken  into  account  very  generally  without  any 
restriction  on  the  results  by  using  the  'mean  substantial  deriva- 
tive.' That  is,  if  we  write  the  total  velocity  as  V,  =  vt  +  w,  and  if 
d,  =  d/di  represents  the  ordinary  substantial  derivative  d,  =  8t 
+  V,8,,  where  8t  =  8x,,  then  the  mean  substantial  derivative  is 
d,  =  8,  +  wt8t.  The  exception  that  will  arise  is  a  term  involving 
an  acoustic  fluctuation,  a  turbulent  fluctuation  of  order  wrm8', 
and  the  mean  wind  Mach  number  m.  But  since  this  term  will 
still  be  small  compared  with  the  others,  we  will  neglect  it  also. 

In  accordance  with  the  separation  into  turbulent  and  acous- 
tic velocities  we  write  vt  =  w,'  +  ut,  where  u,  is  the  acoustic 
particle  velocity.  Similarly,  we  write  the  pressure  as  p  =  pu  + 
pa,  where  the  subscript  to  reminds  us  that  turbulence  is  a 
random  vorticity  (w)  field  and  the  subscript  a  suggests  the 
acoustic  field.  But  since  pu  =  pu  +  p'J  =  p0  +  pj  and  since  pj 
is  second  order  in  n>rms',  we  can  set  pu  w  p0  in  any  terms 
containing  acoustic  properties.  Since  the  turbulence  is  as- 
sumed to  be  incompressible,  we  would  similarly  have  pu  =  p0 
for  the  turbufence  density  in  the  homogeneous  case.  However, 
for  an  atmosphere  in  which  turbulence  mixes  air  parcels  origi- 
nally having  different  potential  temperatures  the  turbulence 
density  is  no  longer  constant  or  uniform.  If  we  label  such 
parcels  with  the  symbol  a,  where  a  =  s/cv  represents  the  ratio 
of  entropy  density  s  to  specific  heat  c„,  we  can  write  the 
turbulence  density  after  mixing  as  p„  =  pB  +  p„',  where  p„'  is  a 
nonzero  random  turbulence  variable.  If  in  addition  to  the 
adiabatic  condition  dta  =  0  we  assume  that  p„  is  a  'passive 
additive,'  that  is,  the  turbulence  density  of  each  parcel  does  not 
change  during  its  motion  (which  also  assumes  that  the  excur- 
sions of  a  parcel  are  not  great  enough  for  the  gravity  field  to 
produce  appreciable  changes),  we  obtain  an  additional  equa- 
tion d,pa  =  0.  Since  the  characteristic  times  of  turbulence 
motions  are  small  in  comparison  with  those  associated  with 
heat  flow,  we  can  assume  that  the  pressure  on  a  parcel  of 
different  density  p„  has  reached  the  pressure  in  the  turbulent 


field.  Consequently,  for  a  perfect  gas  we  can  write  d  In  pa  =  -d 
In  c2  for  any  displacement  d  in  time  or  space,  where  c  is  the 
random  speed  of  sound  associated  with  the  turbulent  field. 

With  the  above  notation  and  assumptions  the  equation  for 
conservation  of  mass,  the  equation  for  conservation  of  mo- 
mentum, the  adiabatic  condition,  and  the  restriction  that  pa 
(or  c1)  is  a  passive  additive  take  the  forms 


dtP  +  8j(pvj)  =  0 

cltipot)  +  8j(pv,v,)  =  -8,p 

dto  +  Vj8jO  =  0 

d>P„  +  Vj8jpa  =  0 


(Al) 
(A2) 
(A3) 
(A4) 


We  note  that  using  the  rule  for  the  derivative  of  a  product  for 
the  <7,  term  in  (A2)  and  then  substituting  for  d,p  from  (A  1 ) 
leads  to  the  Euler  equation  (the  Navier-Stokes  equation  for 
zero  viscosity) 

Jtv,  +  VjSjV,  =  -p'l8tp  (A5) 

Taking  the  divergence  of  (A2),  however,  and  substituting  for 
8j(j>Vj)  from  (A!)  immediately  give 

Stdjipcvj)  +  V2p  -  J2p  =  0  (A6) 

Now  we  must  use  some  care  in  subtracting  strictly  turbu- 
lence properties  from  (A6).  The  distinction  between  the  turbu- 
lence field  and  the  acoustic  field  determines  the  velocities  w,' 
and  Mj.  But  p„  is  defined  differently;  that  is,  p„  is  the  result  of 
adiabatic  motion  between  different  locations  in  a  gradient 
atmosphere.  Stated  in  another  way,  p„  is  a  passive  additive,  not 
only  for  the  turbulent  motions  represented  by  w,',  but  also  for 
the  acoustic  motions  denoted  by  u,.  Consequently,  for  a  given 
gradient  in  p„,  (A4)  requires  that  the  time  derivative  d,pa  be 
split  into  two  parts,  a  part  (d,pa)u  =  -wj'8jpa  representing  the 
time  rate  of  change  caused  by  the  advection  of  p„  by  the 
turbulence,  and  a  part  (J,p„)a  =  -Ujdjp,,  representing  the 
change  caused  by  the  sloshing  back  and  forth  of  p„  during  the 
passage  of  sound.  As  a  result  the  equations  corresponding  to 
(A5)  and  (A6)  for  the  purely  turbulence  field  reduce  to 


J,wt'  +  w/SjW,'  =  -p„  l8,pa 


(A5') 


and 


StSjlpeWt'w/)  +  V2pu  -  d,(w,'w/djpa) 

+  (Sffi.tftw,'  =  0        (A6') 

Because  of  the  sloshing  effect,  the  acoustic  equation  presents 
a  much  simpler  form  when  it  is  written  in  terms  of  the  ratio  £  = 
Pa/Pa tnan  when  it  is  given  for  pa  alone.  Thus  we  set  p  =  p„(  1  + 
()  in  (A6)  and  expand  the  time  derivative  as 

3,*p  =  (1  +  «AV>.  +  titPM  +  pM  (A7) 

From  (A4)  we  can  write  d2p„  =  —dt(ut8ipa)  -  </|(w,'^(pa),  and 
thus  from  the  A2  and  AT2  assumptions  the  first  term  of  (A7) 
reduces  to 


(1  +  fftV,  =  -~dAu,8tPa)  -  3,(w/*,p„) 


(A8) 


From  the  same  assumptions  and  (A4),  dtp„  =  -Uj8jp„  - 
w/BjPt,  the  second  term  of  (A7)  vanishes.  Continuing  the 
process,  we  find  that  the  first  term  of  (A8)  becomes  -d,(u,8,p„) 
=  -(d,ut)(8 ip„)  and  that  the  second  term  of  (A8)  reduces  to 
purely  turbulence  properties,  -3t(w,'dip„)  =  -(dlwl')8lp„  + 
m>i'8i(wj'8jp„).  If  we  substitute  these  results  in  (A6),  subtract 
all  purely  turbulence  properties  by  means  of  (A5')  and  (A6'), 
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and  again  use  the  A2  and  AT2  assumptions,  we  obtain 

Wi*X"f'tfj)  +  v>«  +  (<?i«iX*iP.)  -  P^<2I  =  0     (A9) 

We  note  that  the  third  term  of  (A9)  is  already  of  type  A  T.  Thus 
we  can  use  the  Euler  equation,  (A5),  with  all  T  and  A2  terms 
removed,  to  substitute  d,u,  =  —p0~ld,pa  plus  a  purely  turbu- 
lence term  that  vanishes  because  (A5')  implies  that  one  of  its 
factors  is  zero.  But  considering  the  order,  we  can  also  write 
Po~l8iPc  =  8,  In  p„  =  -d,  In  c2.  With  this  change,  (A9) 
becomes 

2p9dl8j.wi'uj)  +  VV«  +  Ot  In  c*X8iP«) 

-  pjft  =  0        (A  10) 

Before  continuing  the  process  of  simplification  we  need  to 
introduce  the  adiabatic  condition,  (A3),  which  without  the 
averaging  bar  reads  merely  d,a  =  0.  But  from  the  relation  T  ds 
=  cv  dT  -  (p/p2)  dp  satisfied  by  a  perfect  gas,  for  a  =  s/cv  we 
can  write  d,a  =  d,  In  (p/p0)  -  yd,  In  (p/pa).  Again  using  p  = 
P,r(l  +  £)•  P  ~  Po  +  P<»  a"d  (A4),  that  is,  d,p„  =  0  (note  no 
overbar),  then  d,  In  (1  +  pjp0)  =  yd,  In  (1  +  |),  orwith  the /I2 
assumption,  d,(pa/p0)  =  yd,£.  If  we  assume  that  no  acoustic 
field  existed  at  some  earlier  time  (at  t  =  —  °°  if  need  be),  we  can 
in  principle  integrate  the  last  equation  along  the  path  of  each 
parcel  to  obtain  finally 


pjpo  =71  =  ypJPa 


(All) 


The  relation  (All)  will  permit  us  to  write  the  acoustic  equa- 
tion in  terms  of  either  £  or  pa.  Briefly,  if  we  substitute  for  pa 
from  (A  1 1 )  in  (A  10),  divide  through  by  p„,  and  use  the  relation 
c2  =  ypjp„,  we  obtain 


idtdtiwt'uj)  +  dAfdfc)  -  d~ft  =  o 


(A12) 


We  note  that  the  first  term  of(A12)isalsoof  the  type  AT,  so 
that  we  can  again  employ  (A5)  with  all  A2  and  T  terms  re- 
moved. From  (A  1 1 )  we  can  write  this  reduced  version  of  (A5) 
as  J,u,  =  -c02d,l-.  But  before  we  can  use  the  equation,  we  need 
to  convert  the  time  derivative  by  applying  a  Fourier  time 
transform  5,  to  all  quantities,  which  implies  that  we  must 
transform  (A  12)  as  well.  If  we  write  P  =  P(k)  =  5,£  (which 
differs  only  by  a  constant  from  5,pa),  U,  =  5,u,,  N'  =  $,n' 
(where  n  =  c/c0  =  1  +  n'),  M,  =  $,w,'/c0,  M,  =  m,5(k),  and 
c0'1  5,d,  =  -ik  +  m,dt,  then  the  reduced  version  of  (A5) 
becomes 


U,/ct  =  -ikxd,P  -  ik-'MjdjUt/co 


(A13) 


We  could  continue  to  remove  U,  from  the  right  side  of  (A  13) 
by  iteration.  But  we  notice  that  after  the  first  right-hand  term 
the  result  substituted  in  the  Fourier  transform  of  the  first  term 
of  (A  12)  would  contribute  terms  containing  all  of  the  small 
factors  M,  A/',  and  P.  As  was  mentioned  at  the  end  of  the  first 
paragraph  of  this  appendix,  such  terms  will  still  be  1  order  of 
magnitude  less  than  the  others  and  thus  can  be  neglected. 
Since  w,',  «,,  c2,  and  £  are  all  functions  of  time,  in  general, 
application  of  the  Fourier  transform  J(  to  (A  12)  will  convert 
all  products  of  time-dependent  functions  to  k  convolution 
products,  which  we  will  symbolize  by  an  asterisk.  In  addition, 
the  AT1  assumption  implies  that  we  must  approximate  N~2  in 
the  second  term  by  I  -  2N'.  Introducing  all  the  above  trans- 
forms in  (A  12)  and  rearranging  terms  finally  give  the  acoustic 
equation 

V2P  +  (k  +  iMjdjfP  =  28j(N'  *  d,P) 

+  2idjeH[Mj'  *  (k-l8hP)]       (A14) 


We  remark  that  the  above  derivation  has  made  no  assump- 
tions about  'frozen  turbulence,'  so  that  the  result  applies  also 
to  time-varying  turbulence  statistics.  Nor  has  it  made  any 
assumptions  on  the  spatial  homogeneity,  so  that  it  applies 
equally  well  to  the  atmosphere  and  to  moving  finite  turbulent 
regions. 

Appendix  B:  A  Selection  of  Useful 
Theoretical  Results 

Structure  constant  for  refractivity 
fluctuations  (6) 

CV  =  CV/477  +2(0.307)CeT/4p„r„  +(0.307)JCeV4V 

Effective  refractivity  structure  constant  (41) 

Lite     =    *~n      '     Cy/Co 

Inertial  range  scattering  cross  section  (33) 

ff8(0„)  =  1.52*„"scos20s{O.13tY 

+  cos2 (8S/2)CV2/(WW  sin  (08/2)]-'"3 

Echosonde  equation  (34) 

<Pr/(r  =  «7<Pr  exp  [-d(R0  +  /?„)] 

•  (1  +  ta-fA)(X{es)(lp/2)(gAR/R2)as{ee) 

Gaussian  form  of  locally  frozen 
turbulence  spectrum  (37) 

/(A)  =5(x)[27r((K-M/)2)]-"2exp  [-(k  -  k0 

+  K-Mt)2/2((K-Mt')2>] 

Weak  turbulence  structure  functions  (52) 


Dtp)  =  87r2*! 


J  ds  Cne\s)  f 


d*. 


«*„"»(«)[  1  -  Uf$pK))HAs,  k) 
Weak  turbulence  spectral  weighting  functions  (53) 
H+=  1 

Hj,  =  cos2  [0{s)(\  -  s/L)K2L/2k] 

Hx  =  sin2[/9(.y)(l  -  s/L)K2L/2k] 

Weak  turbulence  wave  structure  function  (56) 

D^p)  =  2.914AV'8  /    ds  0"\s)Cne%s){l  -  0MSW.s)pK0]1/i) 

Weak  turbulence  phase  structure  function  (60) 

Z)^p)  =  D^p)  />>(XZ.)"2 

D<Lp)  =  iDf(p)        P  <  (\L)l<2 

Weak  turbulence  log-amplitude  variance  (61) 

ax2  *  a,2  =  0.563A7/,Lu/6[Cne2]x 

Log-amplitude  spectra  for  plane  waves  (71a) 

LWx+{f)  =  lA03ffxpV  +  0.92/„"8)        /„  <  1 
LWx+(f)  =  0.24V/,,-8"  /„  >  1 

Log-amplitude  spectra  for  spherical  waves  (71  b) 

fwWx+(f)  =  0.614<rx/(l  +  0.405/„"3)        /„  <  1 
/>,HV(/)  =  0.606V /„-""  in  >  i 
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Phase  spectra  for  plane  waves  (72a) 

/WWV(/)  =  0.489  V/*'8" 

2/w*V(/)  =  0.489<tx/,'/«-'/' 

Phase  spectra  for  spherical  waves  (726) 

/*»V(/)=  1-215V/""'" 

Phase  difference  spectra  for  plane  waves  (73a) 

/»»V(/)  =  0.99<ffx/,*/B-»/8[l  -  cos  (2W-)]        p„  >  1 
2jwWH+(j)  =  0.99(<rw») /„-•"[!  -  cos(2*p„/„)r   P»  <  I 
Phase  difference  spectra  for  spherical  waves  (73b) 
/WHV</)  =  2.46(«rx/>/n-"'  !  ~  Sj"p(^Pn/n)      P.  >  1 

2irp„/„  P»  <  I 

Frequency  spectrum  of  the  pressure  (74) 
/„WV,P,(/)  =  (27r/r„)2V(A/) 

*  (O.I44,tfV'[l  +  (LonAfnf]-'*) 
Excess  attenuation  (76) 


aeL  =  lOlogjl  +  l.56Jkw/". 


>D„2[  f  ds(\  -s/LY"CnXs)j\ 


Notation 

Because  of  the  breadth  of  the  field  of  atmospheric  acoustics 
a  number  of  symbols  are  used  in  several  ways.  When  such 
overlap  occurs,  the  correct  meaning  will  be  clear  from  the 
context. 

a     absorption  coefficient,  decibels  per  meter. 

a  amplitude  of  sound  pressure  as  a  function  of  time, 
decibels  referred  to  2  X  10*  N  1TT2. 

a     absorption  coefficient,  nepers  per  meter. 

ae     excess  attenuation  coefficient,  decibels  per  meter. 

a„  amplitude  of  initial  wave  sound  pressure  as  a  func- 
tion of  time,  decibels  referred  to  2  X  10"  N  irr2. 

a     absorption  coefficient  per  wavelength,  decibels. 

a     absorption  coefficient  per  wavelength,  nepers. 

A  amplitude  of  sound  pressure  as  a  function  of  tem- 
poral wave  number,  decibels  referred  to  2  X  10~8  N 
m1. 

A     area  of  cross  section  of  scattering  volume  sub- 
tended by  receiving  antenna,  square  meters. 
A„     amplitude  of  initial  wave  sound  pressure  as  a  func- 
tion of  temporal  wave  number,  decibels  referred  to 
2  X  10  6N  irr1. 

(2  aspect  ratio  for  scattering  volume  changes  in  bi- 
static  echosondes. 

bs     equivalent  width  of  spectrum,  s'orm"1. 

fi     plane  wave/spherical  wave  characteristic  function. 

Bf     covariance  of  an  arbitrary  function  /. 
c     speed  of  sound,  meters  per  second. 

c0  equilibrium  speed  of  sound  as  a  function  of  alti- 
tude, meters  per  second. 

cp    specific  heat  at  constant  pressure,  J  Kl  mol^1. 


c„ 
C„2 

CV 

<V 

c  2 

[Cne  ]«p 
V~ne  \xp 

\S-ne  ixs 

do 

Do 
D, 
D„ 

Do 

5 
6 

A 
Bt 
V 

V- 
Vx 

V1 
e 

et 

to 

e, 

t 
c 

It 
(r 
E 

n 

f 
f 
U 
f 

u 
u 

F 

5, 


specific  heat  at  constant  volume,  J  K  '  mol  '. 
structure  parameter  for  velocity  fluctuations,  m4'3 
sa. 

structure  parameter  for  temperature  fluctuations, 
KJ  m-2/*. 

structure  parameter  for  vapor  pressure  fluctua- 
tions, Nam,4/'. 

structure  parameter  for  cross  correlation  of  vapor 
pressure  and  temperature  fluctuations,  K  N  m  8  3. 
structure  parameter  of  refractive  index  fluctuations, 
m-2/". 

effective  structure  parameter  of  refractive  index  and 
velocity  fluctuations,  m2/3. 

C,2  average  over  a  path  for  plane  wave  phase 
properties,  m2/s. 

C^  average  over  a  path  for  plane  wave  log-ampli- 
tude properties,  m  2/3. 

Cnf2  average  over  a  path  for  spherical  wave  phase 
properties,  irr2'3. 

C„e2  average  over  a  path  for  spherical  wave  log- 
amplitude  properties,  m2/3. 
normalized  pulse  shape  of  initial  wave  as  a  function 
of  time. 

diameter  of  transmitting  antenna,  meters, 
structure  function  of  arbitrary  function  /. 
thermal  diffusivity  of  air-fog  mixture,  square  meters 
per  second. 

normalized  pulse  shape  of  initial  wave  as  a  function 
of  temporal  wave  number,  meters. 
Dirac  delta  measure, 
difference  (for  phase  at  two  points). 
Kronecker  delta, 
difference. 

time  derivative,  equal  to  d/dt. 
gradient  or  spatial  derivative,  equal  to  8/dx  =  8/ 
dx,  =  8t. 

divergence  (of  a  vector), 
curl  (of  a  vector). 

Laplacian  operator,  equal  to  V-V. 
vapor  pressure  of  water  in  air,  newtons  per  square 
meter. 

unit  vector,  equal  to  e. 
unit  vector  in  direction  of  initial  wave, 
unit  vector  in  direction  of  scattered  wave. 
kinetic  energy  dissipation  rate,  m2  s3. 
«  ko/o>0,  seconds  per  meter, 
electric-to-acoustic  efficiency  of  transmitter, 
acoustic-to-electric  efficiency  of  receiver. 
kinetic  energy  density,  m2  s2. 
coherent  extinction  coefficient,  m   '. 
arbitrary  function  of  time, 
frequency  of  sound  wave,  hertz, 
frequency  of  initial  sound  wave,  hertz. 
part  of  wave  varying  slowly  with  time, 
effective  frequency  due  to  crosswind  wlt  equal  to 
wJ(\L)v\  hertz. 

sound  frequency  normalized  by  crosswind  fre- 
quency, equal  to  ///„,. 

arbitrary  function  of  temporal  wave  number. 
Fourier  time  transform, 
inverse  of  Fourier  time  transform. 
Fourier  space  transform, 
inverse  of  Fourier  space  transform. 
phase  of  a  wave,  radians. 
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spatial  velocity  spectrum. 

spatial  effective  refractivity  spectrum. 

local  spatial  effective  refractivity  spectrum  in  a 

gradient  atmosphere. 

antenna  gain  factor. 

acceleration  of  gravity,  m  s"2. 

ratio  of  specific  heats,  equal  to  cp/c„. 

parameter  for  scattering  cross  section,  equal  to 

C„2T02/(CTW). 

Green's  function. 

power  reflection  coefficient. 

complex  temporal  wave  number,  equal  to  Jt(l  + 

iklv),  m   '. 

weighting  function  for  wave  property  /. 

imaginary  number  unit,  equal  to  (— 1)1/2. 

spectral  density  of  a  wave. 

temporal  wave  number,  equal  to  oj/c0  =  2ir/X,  m"1. 

Boltzman  constant,  equal  to  1.38  X  10"23  J  K1. 

von  Karman  constant. 

temporal  wave  number  of  initial  wave,  m-1. 

wave  vector,  m-1. 

wave  vector  of  initial  wave,  m_1. 

magnitude  of  spatial  wave  number,  equal  to  |k|, 

m   '. 

spatial  wave  number  coordinates,  equal  to  *,,  m ~ '. 

inner  scale  wave  number,  equal  to  5.92//0,  m"1. 

thermal  conductivity  of  fog-air  mixture,  J  K"1  m-1 

S"1. 

outer  scale  wave  number,  equal  to  2w/L0,  m_I. 
wave  scattering  vector,  equal  to  Kt  =  2k0  sin  (fij 
2)(e„  -  es),  m-\ 

thickness  of  scattering  layer,  meters, 
eddy  size,  equal  to  2ir//t,  meters, 
inner  scale  of  turbulence,  meters, 
characteristic  length  of  pulse,  meters, 
characteristic  viscosity  length,  equal  to  (2p.u  +  X„)/ 
(2p0<r0),  meters, 
wavelength  of  sound,  meters, 
volume  viscosity,  kg  m_1  s_1. 
path  length  of  sound  beam,  meters. 
Lewis  number  of  fog-air  mixture,  equal  to  <cm/ 
(pmcPDm). 

outer  scale  of  turbulence,  meters, 
outer  scale  of  turbulence  normalized  by  a  Fresnel 
zone,  equal  to  La/(\L)112. 
molecular  weight,  kilograms  per  mole, 
magnitude  of  mean  wind  Mach  number, 
turbulence  Mach  number,  equal  to  |w|/c0. 
time  Fourier  transform  of  turbulence  Mach  num- 
ber, meters. 

time  Fourier  transform  of  turbulence  Mach  num- 
ber for  large-scale  eddies,  meters, 
turbulence  Mach  vector,  meters, 
mutual  coherence  function  of  a  wave, 
shear  viscosity,  kg  m_1 1~\ 
shear  viscosity  of  fog-air  mixture,  kg  m~l  s"1. 
acoustic  refractive  index  as  a  function  of  time, 
equal  to  cjc. 

temporal  Fourier  transform  of  acoustic  refractive 
index  as  a  function  of  wave  number,  meters, 
effective  refractivity,  equal  to  N  —  e-M,  meters, 
complex  effective  refractivity,  equal  to  (h2/k2)Ne, 
meters. 
Vaisala  frequency,  hertz. 


v     kinematic  shear  viscosity,  square  meters  per  sec- 
ond. 
u)     angular  sound  frequency,  radians  per  second. 
<i>o     angular  sound  frequency  of  initial  wave,  radians 

per  second. 
fi     solid  angle,  steradians. 
p     acoustic  pressure  as  a  function  of  time,  decibels 

referred  to  2  X  IO-*Nm2. 
pa     equilibrium  pressure  of  the  atmosphere  as  a  func- 
tion of  altitude,  newtons  per  square  meter. 
P    temporal  Fourier  transform  of  acoustic  pressure, 

decibels  referred  to  2  X  10" 5  N  m~'. 
P    temporal  Fourier  transform  of  ratio  of  acoustic 

density  to  tubulence  density,  dimensionless. 
P0     temporal  Fourier  transform  of  acoustic  pressure  of 
initial  wave,  decibels  referred  to  2  X  10" 8  N  m"1. 
Pr     Prandtl  number  of  fog-air  mixture,  equal  to  cPnm/ 

(Pr     transmitted  electrical  power,  watts. 
(PR     received  electrical  power,  watts. 
q     mole  ratio  of  water  vapor  to  mixture,  percent. 
Q     vertical  turbulent  heat  flux,  J  m"2  s"1. 
Qi     mass  fraction  of  droplets  in  fog. 
r    spatial  separation  for  structure  function,  meters. 
r     water  vapor  mixing  ratio. 
r,     liquid  drop  radius,  micrometers. 
f    distance  for  shock  formation,  meters. 
/    distance  for  fully  developed  sawtooth  wave,  meters, 
''max     old-age  distance  for  wave,  meters. 
R     range,  equal  to  |x|,  meters. 

R0     range  to  scattering  volume  from  transmitter,  me- 
ters. 
R,     range  to  scattering  volume  from  receiver,  meters. 
R,     time  autocovariance  of  an  arbitrary  function  /. 
R     perfect  gas  constant,  equal  to  8.314  J  K"1  mol"1. 
R     electrical  resistance,  ohms. 
Re     Reynolds  number,  equal  to  vl/v. 
Ri,     flux  Richardson  number. 
Rit     gradient  Richardson  number, 
p    separation  in  a  plane  perpendicular  to  a  sound 

beam,  meters. 
pn     transverse  separation  normalized  by  a  Fresnel  zone, 

equal  to  p/(\L)in. 
p„    equilibrium  density  in  a  gradient  atmosphere  as  a 

function  of  altitude,  kilograms  per  cubic  meter. 
p„     turbulence  density  in  a  gradient  atmosphere,  equal 

to  pa  +  pa',  kilograms  per  cubic  meter. 
pa     acoustic  density  change,  kilograms  per  cubic  meter. 
s     distance  from  transmitter  along  a  path,  meters. 
5     sound  energy  flux  density,  decibels  referred  to  10" 12 

W  m"2. 
S0     sound  energy  flux  density  of  initial  wave,  decibels 

referred  to  10",2W  m\ 
a     specific  entropy,  J  K"1  mol"1. 
<r8     scattering  cross  section,  m"1. 
a,2     variance  of  an  arbitrary  random  function  /. 
a2     parameter  for  comparing  weak  turbulence  to  strong 
turbulence,  equal  to  0.563A0",L1,"[CW2]X. 
<<rx2>     geometric  mean  of  log-amplitude  variances  at  two 
points  in  a  transverse  plane,  equal  to  (ox2oxi2)1'2. 
t     time,  seconds. 

t     time  delay  for  autocovariance,  seconds. 
t0     characteristic  time  for  fogs,  seconds. 
tp     characteristic  length  of  a  pulse,  seconds. 
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temperature,  kelvins. 

equilibrium  temperature  of  a  gradient  atmosphere 
as  a  function  of  altitude,  kelvins. 
reference  temperature,  kelvins. 
particle  velocity  in  a  sound  wave,  equal  to  u,  meters 
per  second, 

magnitude  of  horizontal  mean  wind,  meters  per 
second. 

total  fluid  velocity,  equal  to  v,  meters  per  second, 
potential  difference,  volts, 
scattering  volume,  cubic  meters, 
magnitude  of  turbulence  and  wind  velocity,  equal 
to  |  w  | ,  meters  per  second, 
mean  crosswind,  meters  per  second, 
velocity  of  turbulence  and  wind,  equal  to  w,  meters 
per  second. 

time  Fourier  transform  of  turbulence  and  wind  ve- 
locity, equal  to  W,  s1. 

temporal  frequency  spectrum  of  a  wave  property  /. 
CW  frequency  spectrum, 
frequency  spectrum  of  a  pulse, 
positive  frequency  spectrum  of  a  property  /. " 
spatial  coordinates,  equal  to  x,  meters, 
particle  coordinate  label,  equal  to  X. 
height  above  ground,  meters, 
potential  temperature,  kelvins. 
scattering  angle,  radians, 
refraction  angle,  radians  or  degrees, 
angular  width  of  a  sound  beam,  radians  or  degrees, 
logarithmic  wave  function, 
log-amplitude,  equal  to  log  (A/A0). 
complex  conjugate. 

convolution  with  respect  to  time  or  temporal  wave 
number  (see  (17)). 

convolution  with  respect  to  space  or  spatial  wave 
number  (see  (18)). 

ensemble  average  over  a  sequence  of  pulses, 
volume  average. 
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1.  Introduction 

Joseph  H.  Golden.1  The  Denver  Chapter  of  the  Amer- 
ican Meteorological  Society  sponsored  a  panel  discussion 
on  the  evening  of  12  April  1978  in  connection  with  the 
Fourth  Symposium  on  Meteorological  Observations  and 
Instrumentation  being  held  in  Denver  that  week.  The 
topic  was  selected  both  for  its  relevance  to  the  sym- 
posium and  its  timely  and  controversial  nature.  We 
were  fortunate  to  secure  five  scientists  from  the  local 
research  and  operational  community  who  could,  we 
thought,  provide  new  perspectives  and  stimulate  audi- 
ence reaction  to  the  question,  "What  should  the 
NWS  be  doing  to  improve  short-range  weather  forecast- 
ing?" The  panelists  were  Charles  Chappell,  Deputy  Di- 
rector of  NOAA's  Atmospheric  Physics  and  Chemistry 
Laboratory,  C.  Gordon  Little,  Director  of  NOAA's  Wave 
Propagation  Laboratory,  Allan  Murphy  of  NCAR's  En- 
vironmental and  Societal  Impacts  Group,  Ellis  Burton, 
Meteorologist-in-Charge  of  the  Denver  Weather  Service 
Forecast  Office,  and  Edward  Pearl,  Meteorologist  and 
Executive  Vice-President  of  Geophysical  R&D  Corp., 
a  private  firm  in  Denver.  Each  of  the  panelists  was  asked 
to  prepare  a  short  talk  of  up  to  10  minutes  in  length  on 
the  above  topic  and  to  be  prepared  to  answer  questions 
and  defend  his  position  with  audience  and  panel  inter- 
action, following  the  presentations  from  the  panel.  The 
panelists  represented  a  broad  spectrum  of  interests  and 
views  on  the  discussion  topic.  They  did  not  collaborate 
with  one  another,  to  my  knowledge,  prior  to  the  meeting 
and  did  not  know  beforehand  the  order  in  which  I, 
acting  as  moderator,  would  call  upon  them.  As  it  turned 
out,  this  uncertainty  allowed  for  more  spontaneous  reac- 
tion and  rebuttal  to  the  previous  panelists'  remarks. 
Some  of  their  prescriptions  are  somewhat  radical,  but  in 
most  cases  they  agreed  that  strong  measures  are  becoming 
necessary.  Finally,  I  think  that  all  concerned  meteorol- 
ogists would  agree  that  the  short-term  forecasting  prob- 
lem is  not  just  an  NWS  issue  but  a  vital  national  one. 

2.  Panel  presentations 

C.  F.  Chappell.  I  would  like  to  present  a  few  personal  ob- 
servations and  interpretations  of  the  present  NWS  ap- 


Fic.   1.  Panel  members  were  (1  to  r):   C.  Gordon  Little,  Ed 
Pearl,  Charles  Chappell,  Allan  Murphy,  and  Ellis  Burton. 


1  President  of  the  Denver  Chapter. 
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proach  to  short-range  weather  prediction  and  how  it 
might  be  improved. 

The  NWS  tries  to  do  all  things  for  all  people  on  a 
finite  budget  and  with  shrinking  manpower.  The  climax 
of  this  trend,  if  it  continues  uninterrupted,  will  be  that 
they  will  do  little  of  substance  for  anyone. 

The  NWS  apparently  sees  the  forecaster  as  the  weak 
link  in  the  prediction  chain.  More  and  more  resources 
go  into  providing  more  and  more  technology.  Less  and 
less  resources  and  attention  are  given  to  other  needs  of 
the  forecaster.  Instead  of  the  forecaster  controlling  the 
use  of  technology,  he  is  subservient  to  technology,  and 
the  day  approaches  when  technology  will  ring  a  bell  in 
the  forecast  office  and  tell  him  what  to  do.  Actually,  it 
will  probably  not  stop  there.  Technology  will  probably 
go  ahead  and  disseminate  the  forecast  without  disturbing 
him. 

The  difficulty  in  predicting  weather  is  second  only  to, 
perhaps,  predicting  human  behavior.  Many  forecasters  in 
the  NWS  are  undertrained  for  the  very  complex  task 
they  face.  They  work  in,  and  are  conditioned  to,  a  rou- 
tine, scheduled,  and  deadline-meeting  environment  and 
then  are  expected  to  shift  quickly  and  sporadically  into 
a  role  in  which  they  must  make  life  and  death  decisions 
in  a  matter  of  seconds.  Are  they  really  trained  properly 
to  do  this?  Is  it  even  possible  to  train  them  for  this  very 
difficult  dual  role  they  must  fulfill? 

Does  20  hours  of  meteorology  from  any  college  provide 
an  adequate  education  for  a  weather  forecaster?  I  think 
not.  Can  you  imagine  a  psychoanalyst  trying  to  unlock 
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the  mysteries  of  the  human  mind  with  a  couple  of  intro- 
ductory courses  in  psychology?  Why  not  demand  equally 
high  educational  standards  for  weather  forecasters,  whose 
jobs  are  just  as  complex? 

Funny  things  happen  to  the  weather  coming  down 
from  the  synoptic  scale  to  the  people.  Mountains,  lakes, 
oceans,  and  cities  modify  and  modulate  the  synoptic 
weather  patterns  and  can  radically  alter  the  evolution  of 
weather  to  be  experienced  by  people.  These  very  im- 
portant mesoscale  influences  on  our  weather  are  now 
handled  only  very  subjectively  by  the  forecaster,  if  at 
all. 

So,  what  should  the  NWS  do  to  improve  short-range 
weather  forecasting?  They  should  quit  trying  to  be  all 
things  to  all  people.  The  NWS  should  provide  the  basic 
observations  and  numerical  predictions  on  the  synoptic 
scale  and  issue  short-range  predictions  and  warnings  to 
the  public  only  when  weather  conditions  threaten  life 
and  property.  Otherwise,  let  the  private  sector  furnish 
routine  forecasts  to  business,  industry,  and  the  public. 

The  forecaster  should  be  conditioned  to  operate  fn  a 
"firehouse"  mode  by  putting  him  in  an  operational  en- 
vironment conducive  to  predicting  the  elusive  and  spo- 
radic, out  of  the  ordinary,  weather  event. 

People,  not  machines,  make  things  happen.  The  fore- 
caster should  be  put  back  in  control  of  the  prediction 
chain.  Let  him  ring  the  bell  in  the  weather  station  and 
wake  up  technology.  Then,  with  the  forecaster  calling 
the  shots,  let  him  and  available  technology  team  up  to 
attack  the  difficult  weather  situation. 

The  educational  requirements  for  a  weather  forecaster 
should  be  raised.  As  a  minimum,  he  should  have  a  mas- 
ter's degree  in  meteorology  or  atmospheric  science,  pref- 
erably more.  He  should  be  carefully  prepared  for  the  job 
through  appropriate  screening,  training,  and  experience. 
His  name  should  appear  on  every  forecast  and  warning 
that  leaves  the  office  and,  like  a  doctor,  he  should  be  held 
accountable  by  the  public  for  his  work.  He  also  should  be 
paid  at  a  level  that  will  generate  a  line  of  top-notch  stu- 
dents waiting  to  enter  the  program.  Forecasters  who  per- 
form consistently  below  an  acceptable  threshold  must  be 
removed  and  steered  toward  other  efforts.  The  variability 
between  a  good  and  a  bad  forecaster  is  not  insignificant. 

Improved  short-range  predictions  also  await  the  de- 
velopment and  implementation  of  mesoscale  numerical 
models.  These  are  needed  to  fill  the  gap  between  present 
synoptic-scale  forecasts  and  the  weather  experienced  by 
people.  Stationary  mesoscale  influences,  such  as  moun- 
tain terrain,  lakes,  oceans,  cities,  etc.,  must  be  included 
in  regional  models  if  we  are  to  provide  more  detailed 
numerical  weather  predictions  for  short  time  periods. 
Important  small-scale  processes,  such  as  convection  and 
cloud  and  precipitation  processes,  must  be  included  in 
these  models. 

Development  of  these  mesoscale  numerical  weather 
predictions  should  be  encouraged  by  the  NWS  and  fol- 
lowed by  timely  implementation. 

Finally,    technology   must   supply   the   required   data 


necessary  to  initialize  these  regional-scale  models  so  that 
we  can  eventually  fill  this  mesoscale  prediction  gap. 

If  and  when  we  do  the  things  I  have  just  outlined,  I 
predict  that  people  will  notice  the  improvement  in  the 
performance  of  the  NWS. 

C.  G.  Little.  During  the  past  year  or  two,  I  have  had  the 
opportunity  to  spend  an  appreciable  amount  of  time  con- 
sidering what  could  be  done  to  improve  local  weather 
services. 

Early  on,  we  decided  that  we  would  try  to  take  the 
"systems  view,"  that  is,  we  would  try  to  look  at  local 
weather  services  as  a  single  system  whose  overall  per- 
formance was  to  be  optimized.  The  systems  approach 
requires  that  one  start  first  by  identifying  the  desired 
goal  of  the  system.  In  our  case  the  goal  clearly  is  im- 
proved local  weather  services  to  the  users.  By  this  we 
mean  that  we  will  seek  to  provide  improved  weather 
information  to  the  users  that  they  can  then  use  to  guide 
their  own  weather-related  decisions.  The  weather  in- 
formation to  be  provided  is  to  be  improved  in  the  sense 
that  it  is  more  accurate,  more  timely,  more  complete, 
more  relevant  to  the  user  needs,  and/or  more  accessible 
to  them. 

Who  then  are  the  users  and  what  are  their  needs?  The 
users  are  indeed  the  total  community  of  U.S.  residents. 
They  need  this  information  for  three  main  purposes. 
These  are,  first,  public  safety.  Lives  can  be  saved  if  per- 
sons are  warned  in  time  of  tornadoes,  flash  floods,  hazard- 
out  winds,  wind  shear  at  airports,  etc.  Second  is  economic 
efficiency.  Each  day,  tens  of  thousands  of  persons  in  in- 
dustries such  as  aviation,  agriculture,  construction,  recrea- 
tion, surface  transport,  and  fishing  make  weather-related 
decisions  based  on  their  estimates  of  what  the  weather 
conditions  will  be.  Weather  information  that  is  more 
accurate,  more  complete,  more  timely,  and  more  relevant 
to  their  needs  will  help  increase  the  economic  efficiency 
and  reduce  economic  losses  in  these  industries.  Third  is 
general  convenience.  Each  day,  millions  of  our  citizens 
are  affected  by  significant  weather  changes.  Occasionally, 
these  are  hazardous  but  in  many  cases  they  affect  little 
more  than  the  convenience  of  the  persons  involved.  How- 
ever, the  cumulative  effect  of  improved  local  weather, 
services,  when  it  is  integrated  over  millions  of  persons 
each  day,  will  be  large. 

These  improved  weather  services  are,  of  course,  needed 
on  all  time  and  space  scales.  Analyses  have  shown,  how- 
ever, that  the  principal  unmet  needs  for  improved 
weather  services  lie  in  the  area  of  short-term  (0-12  h) 
local  (0-100  km)  weather  forecasts,  both  because  existing 
NWS  functions  are  already  successfully  meeting  most  of 
the  need  for  longer-term  synoptic-scale  services  and  be- 
cause weather  is  experienced  by  the  individual  on  the 
local  scale. 

Many  studies  have  shown  that  persons  use  the  longer- 
term  forecast  to  make  plans  but  that  decisions  are  usually 
made  on  the  basis  of  shorter-term  (0-12  h)  forecasts.  The 
most  demanding  of  these  user  needs  are  in  the  area  of 
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public  safety,  for  example,  tornadoes  and  airport  wind 
shear  conditions.  Both  of  these  require  observational  and 
dissemination  time  scales  of  the  order  of  minutes  and 
space  scales  of  the  order  of  kilometers — far  beyond  the 
present  capabilities  of  the  NWS. 

These,  then,  are  the  user  needs.  What  do  they  imply 
about  the  dissemination  process?  Obviously,  in  order  to 
be  optimum,  the  dissemination  process  should  have  at 
least  the  following  characteristics: 

1)  The  forecasts  and  warning  should  be  available  to 
all  (broadcast). 

2)  They  should  be  continuously  available  on  demand. 

3)  They  should  be  updated  frequently. 

4)  They  should  include  automatic  warning  capability. 

5)  Because  of  the  very  diverse  needs  and  interests  of 
the  users,  essentially  all  the  local  weather  informa- 
tion existing  in  the  NWS  system  should  be  poten- 
tially available  to  the  user. 

6)  Since  each  user,  in  fact,  is  interested  in  only  a  very 
limited  subset  of  these  data,  the  service  should  be 
interactive  and  allow  the  user  to  select  the  special- 
ized data  that  he  needs. 

7)  The  system  should  provide  an  effective  feedback 
mechanism  whereby  users  can,  over  time,  indicate 
if  the  service  is  or  is  not  effectively  meeting  their 
needs. 

In  this  connection,  it  is  clear  that  the  NWS  FM 
weather  radio  is  a  very  important  advance  in  that  it 
broadcasts  continuously  and  includes  an  automatic  warn- 
ing capability.  However,  two  severe  limitations  are  that 
the  information  transfer  rate  is  limited  to  that  of  the 
human  voice  and  the  effective  range  is  line  of  sight 
(severely  limited  in  mountainous  terrain). 

Looking  to  the  future,  we  recognize  that  major  ad- 
vances in  dissemination  are  being  made,  particularly  by 
the  private  meteorologist.  These  can  be  identified  as 
lying  in  two  areas:  broadcast  services  to  the  general  user 
and  special  services  to  specific  users.  We  are  all,  perhaps, 
accustomed  to  PPI  plots  of  precipitation  on  black  and 
white  screens.  Advances  at  NOAA  and  elsewhere  have 
resulted  in  digitized  and  contoured  color  video  maps  of 
the  precipitation.  Soon  computer-prepared  animated 
sequences  of  pictures  for  TV  will  be  available.  In  addi- 
tion, recent  advances  in  Doppler  radar  indicate  that  it 
will  be  practical  to  prepare  color  maps  of  wind  fields  as 
well  as  of  precipitation.  The  private  meteorologists  are 
very  active  in  the  use  of  video  techniques  for  the  dis- 
semination of  weather  information,  and  it  is  noteworthy 
that  several  dozen  television  stations  now  have  their  own 
weather  radars. 

In  addition  to  improvements  in  broadcast  dissemina- 
tion, there  are  equally  important  improvements  in  dis- 
semination to  special  users.  One  example  of  such  a  con- 
cept is  the  NWS/Department  of  Agriculture  cooperative 
observer  program  in  which  a  local  farmer,  for  example, 
would  enter  into  a  local  computer,  using  Touch-Tone 
telephone,  his  own  local  weather  observations.  In  return, 


he  would  receive,  via  a  telephone  modem  or  interface 
("Green  Thumb  Box"),  data  on  local  weather  conditions 
and  forecasts,  agricultural  prices,  etc.,  for  display  on  his 
television  screen.  I  understand  that  it  is  contemplated 
that  the  farmer  would  be  able  to  select  at  will  from  any 
of  80  data  sets  available  in  the  local  Department  of 
Agriculture  computer.  Thus,  such  a  system  would  have 
many  additional  desirable  characteristics  of  a  dissemina- 
tion system,  including  interactive  video  capabilities. 

The  next  question  is,  "What  do  the  user  needs  have 
to  say  about  the  nature  of  the  forecasts  that  are  re- 
quired?" Although  weather  services  are  required  on  all 
time  and  space  scales,  as  indicated  earlier,  dominant 
needs  are  for  time  scales  from  0  to  12  h  and  space  scales 
of  from  0  to  100  km.  The  cutoff  at  time  periods  of  12  h 
is  because  of  the  12  h  cycle  of  the  NWS;  the  cutoff  at 
100  km  range  matches  the  normal  maximum  commuting 
range  of  an  individual  from  the  center  of  some  urban 
area  and  also  the  service  area  of  a  broadcast  television 
station.  The  forecasts  available  for  selection  should,  of 
course,  cover  all  the  relevant  parameters,  including  wind, 
temperature,  pressure,  humidity,  precipitation,  clouds, 
visibility,  cloud  height,  icing,  turbulence,  wind  shear, 
etc. 

To  meet  these  needs,  the  forecaster  will  have  to  use 
two  approaches.  One  may  be  thought  of  as  the  standard 
approach — "come  down  from  the  large  scale."  To  use 
Verner  Suomi's  memorable  phrase,  "The  synoptic  scale  is 
the  choreographer  of  the  mesoscale,"  that  is,  it  sets  up 
conditions  for  the  mesoscale  "to  do  its  own  thing."  The 
local  weather  is  the  product  of  the  synoptic  scale  forcing 
as  modulated  by  local  forcing  functions  such  as  orog- 
raphy and  other  terrain  features,  such  as  urban  heat 
islands  and  land-sea  boundaries.  In  recent  years,  there 
has  been  major  progress  in  the  development  of  numerical 
models  capable  of  including  these  focal  forcing  functions. 
For  example,  colleagues  in  NOAA's  Atmospheric  Physics 
and  Chemistry  Laboratory  have  models  whose  total  do- 
main is  comparable  to  a  single  grid  point  spacing  on  the 
standard  National  Meteorological  Center  (NMC)  numer- 
ical weather  prediction  models. 

The  second,  and  proposed  new  approach,  is  to  build 
up  to  the  mesoscale  from  the  small  scale.  In  recent  years, 
there  has  been  major  progress  in  the  automatic  monitor- 
ing of  the  atmospheric  conditions  by  ground-based  and 
satellite-borne  remote  sensors.  Similar  progress  in  data 
processing  and  display  techniques  makes  it  feasible  to 
contemplate  the  preparation  of  what  has  been  termed 
"nowcasts,"  that  is,  video  presentations  of  the  current 
state  of  the  atmosphere  over  some  local  area.  Such  now- 
casts could  be  displayed  over  a  broadcast  or  cable  televi- 
sion channel  in  essentially  real  time.  Obviously,  the  in- 
formation content  of  such  pictures  is  enormously  greater 
than  can  be  conveyed  by  the  human  voice. 

The  next  step  will  involve  learning  how  to  extrapolate 
the  nowcasts  for  time  periods  of  the  order  of  2  or  3  h. 
Since  we  do  not  yet  have  these  much  richer  data  sets,  it 
will  take  appreciable  time  to  learn  how  to  extrapolate 
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them  in  an  optimum  fashion.  Filling  the  gap  in  the  time 
interval  between  the  2-3  h  nowcasts  and  the  twice 
per  day,  1 2  h  cycle  of  the  existing  NWS  forecasts  will 
be  the  most  difficult  one.  Here  we  anticipate  that  the 
use  of  locally  specific  numerical  models,  operated  within 
some  nested  grid  model  whose  boundaries  are  driven, 
for  example,  by  the  NMC  synoptic-scale  models,  will  be 
effective  in  improving  the  local  mesoscale  forecasts  for 
time  periods  of  3-12  h. 

Having  identified  the  user  needs,  dissemination  mech- 
anisms, and  forecast  requirements,  what  do  these  have 
to  say  about  the  required  observations?  Obviously,  three- 
dimensional  measurements  in  essentially  real  time  will 
be  needed  out  to  beyond  the  100  km  radius.  We  en- 
visage networks  of  cooperative  observers,  surface  arrays 
of  automatic  weather  stations,  geostationary  and  orbiting 
satellites,  and  digitized  weather  radar  data  (including 
Doppler  information)  plus  some  of  the  new  remote  sen- 
sors, especially  the  new  capabilities  for  the  automatic, 
unmanned  profiling  of  winds,  temperature,  and  humidity 
to  tropopause  heights.  Such  data  sets  should  permit  the 
preparation  of  nowcasts  for  the  local  area  and  their 
extrapolation  for  the  next  2  or  3  h.  For  numerical 
weather  prediction  to  longer  time  spans,  three- 
dimensional  data  out  to  500-1000  km  will  be  required. 
Here,  major  use  will  need  to  be  made  of  satellites,  espe- 
cially the  vertical  atmospheric  sounding  (VAS)  capabil- 
ities planned  for  the  early  1980s  (e.g.,  the  VAS  sounding 
device  on  GOES-D).  Major  use  should  also  be  made  of 
the  continuous  profiling  capabilities  of  the  new  ground- 
based  remote  sensors.  In  addition,  we  may  expect  that  at 
least  in  the  most  densely  populated  areas  of  the  country, 
nowcasting  capabilities  for  neighboring  large  urban  pop- 
ulations will  give  contiguous  coverage  over  large  regions. 

Thus  I  foresee  major  opportunities  for  improved  local 
weather  services  by  the  creation  of  an  integrated  system 
that  incorporates  some  of  the  latest  advances  in  dis- 
semination, forecasting,  and  observing  and  successfully 
integrates  the  new  local  weather  services  into  the  exist- 
ing NWS  synoptic-scale  services. 

One  last  point.  I  feel  that  the  local  atmospheric  sci- 
ence community  has  both  a  major  opportunity  and 
responsibility  to  begin  to  face  the  problem  of  improved 
short-term  local  weather  services.  We  have,  in  the 
Boulder/Denver  area,  the  largest  single  concentration 
of  atmospheric  research  talent  in  the  country  or,  for 
that  matter,  in  the  world.  Therefore,  if  we  choose  to 
focus  on  this  problem,  we  may  expect  to  make  progress 
more  rapidly  and  more  effectively  than  any  other  group. 
The  facilities  available  to  us  in  NCAR,  the  universities, 
Environmental  Research  Laboratories/NOAA,  and  the 
Bureau  of  Reclamation  are  in  many  cases  unique  and 
together  make  for  a  very  attractive  opportunity.  In 
addition,  some  metropolitan  TV  stations  have  new  color 
radars  and  spotter  networks  that  can  add  information. 
The  meteorological  challenge  provided  by  the  Denver 
area  is  also  large  and  will  fully  test  our  capabilities. 
The  challenge,  opportunity,  and  need  all  exist;  I  urge 


that  together  we  begin  to  focus  upon  them  the  atten- 
tion they  deserve.  If  we  don't,  who  will? 

Allan  H.  Murphy.  I  don't  think  that  it  is  possible 
to  conduct  a  meaningful  discussion  concerning  what 
the  NWS  should  be  doing  to  improve  short-range 
weather  forecasts  without  briefly  reviewing  recent  trends 
in  the  quality  of  forecasts  and  examining  some  possible 
explanations  for  these  trends.  Thus,  I  shall  attempt  to 
summarize  the  current  state  of  the  art  in  weather  fore- 
casting and  then  offer  several  suggestions  concerning 
ways  in  which  forecasts  could  be  improved.  Even  before 
we  consider  the  quality  of  weather  forecasts,  however, 
it  is  necessary  to  define  several  terms. 

First,  we  must  distinguish  between  what  I  shall  call 
"meteorological  forecasts"  and  "weather  forecasts."  The 
former  are  forecasts  of  variables  such  as  pressure,  tem- 
perature, and  humidity  at  various  levels  in  the  atmo- 
sphere; the  geopotential  heights  of  pressure  surfaces  on 
prognostic  charts  are  examples  of  such  forecasts.  The 
latter  are  forecasts  of  variables  such  as  precipitation, 
temperature,  and  wind  velocity  generally  at  or  near 
the  earth's  surface.  Meteorological  forecasts  prepared 
by  the  NWS  are  based  upon  numerical  models  and  are 
produced  almost  exclusively  by  machine.  Weather  fore- 
casts, on  the  other  hand,  are  prepared  both  objectively 
by  numerical-statistical  procedures  and  subjectively  by 
NWS  forecasters.  The  public  weather  forecasts  currently 
issued  by  the  NWS  are  produced  by  the  forecasters  with 
the  aid  of  objective  guidance  information.  It  may  also 
be  useful  in  this  discussion  to  distinguish  between  ob- 
jective and  subjective  forecasts,  where  the  former  refers 
to  both  meteorological  and  weather  forecasts  produced 
exclusively  by  machine  and  the  latter  refers  to  the 
weather  forecasts  produced  by  the  "man-machine  mix." 

Second,  we  must  decide  what  is  meant  by  "improve- 
ments" in  weather  forecasts.  Do  we  mean  increases  in 
the  accuracy,  reliability,  skill,  etc.,  of  such  forecasts  or 
do  we  mean  increases  in  their  usefulness  and  value? 
Generally,  because  we  have  little  if  any  information 
concerning  the  value  and/or  use  of  forecasts,  we  in- 
terpret improvements  to  mean  increases  in  attributes 
such  as  accuracy  and  skill  and  we  assume  implicitly  that 
increases  in  value  will  follow  from  these  scientific  ad- 
vances. However,  it  should  be  emphasized  that  increases 
in  (for  example)  accuracy  may  or  may  not  lead  to  in- 
creases in  value;  in  fact,  increases  in  accuracy  can  lead 
to  decreases  in  value  (Murphy  and  Thompson,  1977).2 
Moreover,  the  results  of  several  recent  studies  suggest 
that,  in  many  situations,  substantial  increases  in  fore- 
cast accuracy  may  be  necessary  before  appreciable  in- 
creases in  value  are  realized  (e.g.,  Howe  and  Cochrane, 
1976;  Phillips  et  al.,  1978).  Nevertheless,  we  shall  assume 
that  improvements  in  the  context  of  this  discussion 
refer  to  increases  in  scientific  attributes  of  the  forecasts 
such  as  accuracy  and  skill. 


2  References  are  given  at  the  end  of  Section  3. 


96 


1338 


Vol.  59,  No.  10,  October  1978 


A  look  at  recent  trends  in  the  quality  of  weather  fore- 
casts reveals  that  meteorological  forecasts  have  gen- 
erally improved  throughout  the  period  since  the  intro- 
duction of  numerical  weather  prediction  (NWP)  models 
into  the  forecast  system  about  two  decades  ago  (e.g., 
Fawcett,  1977;  Shuman,  1978).  Statistical-numerical  or 
model  output  statistics  (MOS)  weather  forecasts,  based 
upon  these  meteorological  forecasts,  have  also  demon- 
strated an  improvement  over  the  10  years  since  they 
were  first  introduced  (e.g.,  Glahn,  1976;  Klein,  1976). 
Some  tendency  toward  a  decreasing  rate  of  improvement 
in  both  types  of  machine-produced  objective  forecasts 
has  been  noted  in  recent  years. 

On  the  other  hand,  weather  forecasts  produced  by 
the  man-machine  mix  and  disseminated  to  the  public 
have  improved  very  little  over  the  last  5-10  years  (e.g., 
Cook  and  Smith,  1977;  Sanders,  1977;  Shuman,  1978; 
Snellman,  1977).  While  some  differences  of  opinion 
certainly  exist  concerning  the  extent  to  which  both 
objective  and  subjective  forecasts  have  improved  in 
recent  years,  I  think  that  it  is  generally  agreed  that  the 
rate  of  improvement  of  subjective  forecasts  has  been  less 
than  that  of  objective  forecasts.  Thus,  the  difference  in, 
say,  accuracy  between  objective  guidance  forecasts  and 
the  forecasts  formulated  by  forecasters  has  decreased; 
specifically,  the  human  forecaster's  contribution  to  the 
quality  of  the  ultimate  product  appears  to  have  di- 
minished. Two  general  explanations  have  been  offered 
to  account  for  this  phenomenon,  and  an  examination 
of  these  explanations  provides  some  insights  into  what, 
in  my  opinion,  should  be  done  to  improve  short-range 
weather  forecasts. 

One  possible  explanation  for  this  phenomenon  is 
based  upon  the  belief  that  improvements  in  models 
and  machine-produced  forecasts  in  recent  years  have 
been  such  that  forecasters  can  no  longer  make  signifi- 
cant improvements  in  these  objective  forecasts  (except 
perhaps  in  the  first  12  h).  Currently,  this  belief  is  quite 
widely  held  in  meteorological  circles,  principally  by 
those  involved  in  model  formulation,  objective  forecast 
development,  and  weather  service  management.  Al- 
though it  is  true  that  when  objective  forecasts  approach 
perfection,  the  forecasters'  contributions  must  necessarily 
decrease,  I  will  leave  it  to  the  audience  to  decide  whether 
or  not  we  need  to  concern  ourselves  with  such  a  Utopian 
state  of  affairs  at  this  time.  If  we  examine  the  basis  for 
this  belief  from  a  more  realistic  point  of  view,  we  find 
that  very  little  "uncontaminated"  evidence  exists  to 
support  this  position.  By  uncontaminated,  I  mean  evi- 
dence obtained  from  comparative  evaluations  conducted 
in  the  absence  of  explicit  or  implicit  directives,  guide- 
lines, "penalty  functions,"  etc.,  to  the  general  effect  that 
"objective  guidance  forecasts  are  now  almost  as  good  as 
subjective  forecasts  and  therefore  forecasters  should  not 
modify  these  objective  forecasts  unless  they  are  almost 
certain  that  they  can  improve  upon  them."  Since  this 
statement  leads  almost  immediately  to  the  creation  of 
a  closed  loop  with  positive  (i.e.,  reinforcing)  feedback, 


it  is  not  particularly  surprising  that  the  forecasters' 
contributions   have  decreased   in   recent   years! 

An  alternative  explanation,  and  one  that  has  been 
gaining  some  adherents  very  recently,  is  based  upon  the 
belief  that  many  NWS  policies  and  practices,  as  well  as 
the  current  and  evolving  structure  of  the  NWS  forecast 
system  as  a  whole,  have  tended  to  limit  the  role  of  the 
forecaster  and  have  prevented  or  at  least  discouraged 
him  from  making  effective  use  of  his  knowledge  and 
experience.  Many  examples  of  such  policies  and  prac- 
tices could  be  cited,  and  I  will  mention  only  a  few 
here.  First,  explicit  guidelines  exist  regarding  departures 
from  guidance  forecasts  for  the  second  and  third  periods 
(i.e.,  12-24  and  24-36  h,  respectively),  and  forecasters 
are  generally  encouraged  to  adhere  closely  to  these  ob- 
jective forecasts  in  most  cases.  Moreover,  the  forecasters 
are  subjected  to  (implicit)  asymmetric  penalty  functions 
when  they  depart  from  guidance.  Specifically,  they  are 
"penalized"  for  departures  that  lead  to  poorer  forecasts 
but  they  are  not  similarly  "rewarded"  for  departures 
that  lead  to  better  forecasts. 

The  very  existence  and  availability  of  these  guidance 
forecasts  provide  an  example  involving  more  funda- 
mental issues.  The  problem  of  concern  here  is  sum- 
marized quite  well  in  the  following  quotation  from  Snell- 
man (1977,  p.  1036): 

.  .  .  today's  forecaster  can,  if  he  chooses,  and  many  do, 
come  to  work,  accept  Numerical  Weather  Prognoses 
(NWP)  and  MOS  guidance,  put  this  into  words,  and  go 
home.  Not  once  does  he  have  to  use  his  meteorological 
knowledge  and  experience.  This  type  of  practice  is  taking 
place  more  and  more  across  the  United  States,  and  it 
will  be  made  easier  to  do  with  Automation  of  Field  Op- 
erations and  Services  (AFOS).  .  .  . 

While  the  basic  concept  and  potential  usefulness  of 
guidance  forecasts  are  not  at  issue  here,  the  nature  of 
their  impact  upon  the  ultimate  product — the  forecasts 
produced  by  the  man-machine  mix — would  seem  to  be 
an  open  question.  There  is,  in  my  opinion,  a  funda- 
mental difference  between  basic  guidance — that  is,  guid- 
ance information  in  the  form  of  analyses  and  prognostic 
charts — and  forecast  guidance  in  the  form  of  objective 
forecasts.  I  believe  that  these  two  types  of  information 
have  quite  different  psychological  impacts  on  forecasters 
and  on  the  process  by  which  they  arrive  at  their  fore- 
casts. For  example,  is  it  reasonable  to  expect  a  forecaster 
to  treat  the  guidance  forecast  (as  he  should)  as  simply 
another  source  of  information  to  be  assimilated  during 
the  process  of  formulating  his  forecast?  It  seems  to  me  at 
least  possible  if  not  probable  that  guidance  forecasts  have 
had  an  adverse  impact  on  forecasters  and  thereby  on  the 
quality  of  the  forecasts  produced  by  the  man-machine 
mix.  In  any  case,  there  is  a  clear  and  urgent  need  to 
investigate  the  role  and  impacts  of  guidance  forecasts 
in  the  current  forecasting  system. 

Finally,  I  will  mention  the  current  policy  of  concen- 
trating highly  trained  and  experienced  weather  fore- 
casters in  a  relatively  few  forecast  offices.  The  lack  of 
qualified  forecasters  at  the  local  level  means  that  local 
weather  forecasts  are  unlikely  to  depart  from  guidance 
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even  under  those  meteorological  conditions  in  which 
such  departures  are  appropriate.  The  fact  that  most  ex- 
perienced public  and  aviation  weather  forecasters  are 
now  largely  removed  from  contact  with  users  of  weather 
information  in  many  areas  (except  for  certain  specialized 
services)  is  another  undesirable  aspect  of  this  policy. 

In  my  opinion,  the  evidence  currently  available  lends 
considerably  more  support  to  the  explanation  involving 
NWS  policies  and  practices  and  the  structure  of  the 
forecast  system  than  it  does  to  the  explanation  based 
upon  the  inability  of  NWS  forecasters  to  improve  upon 
current  objective  guidance  forecasts.  Since  I  subscribe 
to  the  point  of  view  characterized  by  the  policies/ 
practices  explanation,  my  ideas  concerning  what  the 
NWS  should  do  to  improve  short-range  forecasts  are 
necessarily  influenced  and  shaped  by  this  belief.  Some- 
one who  subscribes  to  the  alternative  (or  some  other) 
point  of  view  would  presumably  have  different  sugges- 
tions and  proposals. 

First,  I  should  indicate  that,  in  suggesting  ways  of 
improving  short-range  forecasts,  I  will  emphasize  proce- 
dures and  practices  that  I  believe  can  lead  to  immediate 
improvements.  In  this  regard,  it  is  certainly  true  that 
better  observations  and  more  refined  models  will  con- 
tribute significantly  to  improvements  in  weather  fore- 
casts in  the  future.  However,  the  phrase  "in  the  future" 
should  perhaps  be  emphasized,  since  such  improvements 
are  likely  to  be  slow  in  coming  and  modest  when  they  do 
arrive.  Moreover,  I  personally  have  little  confidence  in 
approaches  to  this  problem  that  are  largely  technological 
in  nature.  After  all,  if  either  weather  radar  or  weather 
satellites  had  fully  lived  up  to  their  advance  billing, 
then  the  problem  of  short-range  weather  forecasting 
would  have  been  solved  years  ago!  Consider  the  fact 
that  contoured,  digitized  radar  was  demonstrated  for 
research  purposes  at  the  National  Severe  Storms  Labora- 
tory in  1965,  and  there  are  still  only  a  fraction  of  such 
radars  that  effect  improved  warnings. 

One  set  of  my  suggestions  relates  to  modifications  or 
changes  in  current  policies  and  practices  or  in  the  fore- 
cast system  itself.  First,  I  would  like  to  see  the  explicit 
directives,  implicit  penalty  functions,  etc.,  related  to  the 
forecasters'  departures  from  guidance  forecasts  removed 
or  at  least  greatly  relaxed.  In  this  regard,  it  would  be 
useful  to  conduct  detailed  studies  related  to  the  per- 
formance of  forecasters  as  a  function  of  departures  from 
guidance.  (One  or  more  pilot  studies  of  this  type  have 
been  conducted  recently  (see  MacDonald,  1977).)  Second, 
the  tendency  toward  centralization  both  in  staffing  by 
highly  trained  and  experienced  forecasters  and  in  fore- 
cast technique  development,  refinement,  and  application 
should  be  reversed.  Such  a  change  in  policy  could  rea- 
sonably be  expected  to  provide  the  resources  and  "know- 
how"  at  or  near  the  local  level  that  could  lead  to  more 
successful  short-range  forecasts.  Third,  it  seems  to  me 
critically  important  to  include  flexibility  within  the 
AFOS  system  for  local  forecast  technique  development 
and  application  (it  should  be  noted  that  this  suggestion 
is  meaningful  only  if  appropriately  trained  and  experi- 


enced personnel  are  available  at  the  local  level).  As 
presently  envisaged,  the  AFOS  system  is  largely  a  com- 
munications tool,  and  the  original  plans  to  provide  local 
computer  capability  may  not  materialize  for  some  time. 

Another  suggestion  involves  the  explicit  recognition 
of  the  possibility  (if  not  the  probability)  that  guidance 
forecasts  can  have  adverse  as  well  as  beneficial  impacts 
on  the  forecasters  and  on  their  forecasts.  Carefully  de- 
signed experiments  and  analytical  studies  need  to  be  con- 
ducted to  investigate  the  role  and  impacts  of  guidance 
forecasts  within  the  existing  system  and  to  aid  in  the 
development  of  a  more  nearly  optimal  man-machine  mix. 
I  firmly  believe  that  the  current  system,  as  it  has  evolved, 
makes  it  difficult  if  not  impossible  for  the  forecaster  to 
assimilate  and  weigh  the  available  guidance  information 
properly  (particularly  the  guidance  forecasts)  and  dis- 
courages him  from  using  his  training  and  experience  to 
depart  from  this  guidance.  With  regard  to  the  former, 
there  is  a  need  to  develop  procedures  that  enable  fore- 
casters to  process  information  and  formulate  forecasts 
in  a  more  nearly  systematic,  rational  manner.  Can  we 
really  afford  to  have  a  forecast  system  that  is  clearly  not 
obtaining  "full  value"  from  either  the  machine  or  the 
man? 

A  training  program  is  needed  within  NWS  to  renew 
and  sharpen  the  diagnostic  and  analytic  skills  of  the 
forecasters.  The  quotation  from  Snellman  (1977)  given 
earlier  provides  dramatic  evidence  that  these  skills  are 
rapidly  falling  into  disuse.  The  need  for  such  a  training 
program  has  recently  been  emphasized  by  Angulis  (1978). 

An  urgent  need  exists  for  an  improved  program  for 
the  quality  control  of  weather  forecasts  within  the  NWS. 
Such  a  program  should  include,  as  one  of  its  major  com- 
ponents, the  facility  for  providing  rapid  feedback  to  both 
local  forecast  offices  and  individual  forecasters.  Some  of 
the  potential  benefits  of  such  a  program  have  been 
demonstrated  recently  by  the  staff  of  the  Western  Re- 
gion Headquarters  of  the  NWS  (MacDonald,  1977;  Snell- 
man, 1977).  The  results  from  the  first  year  of  their  so- 
called  "Man/MOS  Program"  demonstrate  convincingly 
that  NWS  forecasters  can  still  improve  significantly  on 
guidance  forecasts  for  all  three  12  h  periods. 

Finally,  I  believe  that  the  NWS  should  give  greatly  in- 
creased attention  to  the  nature  of  the  requirements  for 
and  uses  of  weather  forecasts  for  all  time  periods.  An 
example  of  one  possible  improvement  in  this  context 
relates  to  the  need  (by  users)  for  information  concerning 
the  uncertainty  in  forecasts.  Thompson  (1972)  has  shown 
that  the  economic  benefits  to  be  expected  from  opera- 
tional improvements  in  forecasts  (i.e.,  from  the  quanti- 
fication of  uncertainty)  are  of  the  same  order  of  mag- 
nitude as  those  to  be  expected  from  scientific  advances 
(i.e.,  from  improvements  leading  to  essentially  perfect 
forecasts).  Recently,  it  has  also  been  shown  that  reliable 
probabilistic  forecasts  are  generally  of  greater  value  to 
actual  and  potential  users  of  these  forecasts  than  either 
climatological  or  traditional  categorical  forecasts 
(Murphy,  1977).  The  fact  that  reliable  and  skillful  prob- 
abilistic forecasts  for  a  variety  of  weather  variables  can 
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be  formulated  both  objectively  and  subjectively  has  been 
demonstrated  in  a  variety  of  experimental  and  opera- 
tional programs  conducted  over  the  last  25  years  (see 
Murphy,  1978). 

I  have  attempted  to  outline  briefly  a  few  ways  of  im- 
proving and  increasing  the  usefulness  of  short-range 
weather  forecastssThese  suggestions  are  not  as  glamorous 
as  those  embodied  in  some  of  the  large,  highly  visible, 
and  expensive  programs  that  have  been  proposed  or  are 
now  in  the  process  of  being  implemented.  However,  I 
believe  that  the  benefits  that  would  result  from  following 
up  on  these  and  other  similar  suggestions  would  be 
large,  perhaps  larger  than  those  associated  with  the  more 
glamorous  programs.  Moreover,  these  so-called  "opera- 
tional" benefits  can  be  realized  in  the  immediate  or  fore- 
seeable future  without  the  need  for  major  technological 
developments  or  scientific  advances. 


Ellis  B.  Burton.  NWS  operations  have,  in  the  past  dec- 
ade, been  augmented  by  some  instrumentation  and  pro- 
cedures to  increase  capability  in  short-range  prediction. 
These  efforts  have  only  scratched  the  surface  of  the  prob- 
lem. The  continuing  restriction  on  manpower  and  equip- 
ment, coupled  with  program  expansions  and  demands, 
has  had  a  frustrating  impact  on  operations.  A  genuine 
impact  on  the  problem  can  only  be  approached  by  op- 
erations and  research  bridging  the  technology  transfer 
gap  and  beginning  to  work  and  talk  together. 

Mesoscale  sensor  networks,  with  real-time  communica- 
tion capabilities,  in  weather  vulnerable  regions  of  high 
population  density  are  a  must  to  ensure  sufficient  warn- 
ing and  short-range  forecast  capability. 

Nothing  can  prevent  or  alter  the  path  of  severe  local 
storms.  Public  safety  must  be  enhanced  through  com- 
munity action  planning,  education,  and  timely  warnings. 
The  NWS  has  primary  responsibility  within  the  federal 
government  to  provide  meteorological  forecasts  and 
warnings  for  the  protection  of  life  and  property.  No  legal 
restriction  inhibits  the  private  meteorology  sector  from 
issuing  warnings  on  severe  weather.  Doing  so  must  be 
coupled  with  acceptance  of  legal  actions  involved  or 
emanating  from  these  issuances. 

Of  primary  concern  is  the  possibility  of  confusion. 
Confusion  by  the  public  in  some  cases  could  nullify  or 
impede  safety  actions  taken  by  them.  Overwarning  by 
multiple  sources  could  conceivably  be  worse  than  no 
warning.  The  meteorology  profession,  as  a  whole,  must 
show  responsibility  for  solution  of  this  problem. 


Edward  W.  Pearl.  When  we  speak  of  short-range  fore- 
casting we  must  look  at  two  areas:  first,  the  timeliness 
with  which  the  forecast  is  disseminated,  and,  second,  the 
medium  of  dissemination,  i.e.,  radio,  television,  CRTs, 
etc.  Forecasts  must  be  constantly  updated  during  chang- 
ing weather  periods.  I  am  disenchanted  with  the  present 
system  of  forecast  updating  practiced  by  the  NWS  on  the 
NOAA  Weather  Radio.  In  all  three  of  the  major  metro- 


politan areas  where  I  have  lived,  I  have  heard  outdated 
tapes  describing  events  or  forecasts  that  had  occurred  10 
or  more  hours  earlier.  Frequently,  the  weather  forecast 
tape  continued  to  broadcast  invalid  forecasts  for  hours 
while  quite  different  weather  events  were  taking  place. 
This  situation  presents  the  worst  possible  image  for  all 
meteorologists.  If  we  are  not  able  to  update  the  public 
weather  properly,  perhaps  we  should  not  disseminate  it 
at  all,  except  for  immediate  emergency  situations.  If 
we  don't  inform  the  public  in  a  timely,  accurate  manner, 
no  one  will  want  a  weather  service,  be  it  government  or 
private. 

The  second  issue,  the  mode  of  forecast  dissemination, 
reflects  on  the  "Big  Brother"  desire  (or  image)  of  the 
NWS  to  have  instant  radio,  television,  and  computer 
access  to  the  public  in  the  near  future.  The  NWS  has 
trouble  enough  just  trying  to  keep  the  NOAA  Weather 
Radio  current  and  communicate  weather  information  on 
it  in  an  understandable  form.  It  would  be  very  pre- 
mature for  the  NWS  to  expand  its  services  to  other 
media  forms  if  it  cannot  maintain  the  ones  it  already 
offers.  Private  meteorologists  and  firms  have  been  offer- 
ing specialized  media  weather  services  for  decades  and 
are  quite  cognizant  of  the  special  skills  required  to  effec- 
tively communicate  on  these  media.  Perhaps  the  best 
solution  would  be  for  these  skilled  private  firms  and 
individuals  to  act  as  the  only  weather  dissemination  link 
with  the  public. 

Dissemination  is  the  key  to  an  immediate  upgrading 
of  present-day  weather  services,  whether  they  be  public 
or  private.  One  advantage  that  the  private  service  has 
(such  as  the  one  I  am  a  part  of)  is  the  direct  immediate 
broadcast.  In  other  words,  the  radio  stations  we  interact 
with  allow  us  to  go  on  the  air  immediately  with  bulletins 
of  severe  weather,  hazardous  driving  conditions,  or  other 
weather  conditions  that  may  cause  harm  (the  "nowcast"). 

There  are  several  key  factors  that  must  be  satisfied 
before  one  is  able  to  provide  timely  and  accurate  weather 
information: 

1)  A  sense  of  trust  must  be  established  between  the 
radio  station  personnel  and  the  broadcast  meteo- 
rologist. The  trust  is  earned  through  consistently 
reliable  forecasting  combined  with  an  entertaining 
presentation. 

2)  Station  management  must  provide  the  broadcast 
meteorologist  with  instant  access  to  the  public.  This 
access  is  absolutely  crucial,  and  it  is  possible  if  the 
management  trusts  the  reliability  and  authenticity 
of  the  meteorologist  and  his  product. 

3)  The  broadcaster  must  develop  a  rapport  with  his 
audience.  The  public  responds  more  quickly  to  a 
trusted,  understandable  friend  than  it  does  to  a 
cold,  abstract  authority  or  figure.  The  rapport 
thereby  established  allows  for  two-way  communica- 
tion and  an  additional  source  of  input  to  a  nowcast. 

At  our  corporation  (GRD),  we  have  developed  Sky- 
watch,  which  is  used  only  for  weather  events  that  may 
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be  hazardous  to  the  public,  such  as  rapidly  changing 
road  conditions  or  visibility,  development  of  potential 
flooding  situations,  sighting  of  tornadoes,  and  many 
other  weather  events.  Typically  the  GRD  meteorologist 
goes  on  the  air  within  seconds  to  broadcast  such  in- 
formation. A  prior  call  is  always  given  to  the  NWS 
(Denver)  for  general  dissemination  purposes.  GRD  does 
not  issue  watches  or  warnings  but  simply  observations 
of  weather  events  and  what  might  be  termed  an  "alert." 

I  also  wanted  to  ask  the  other  panelists  what  they 
thought  of  the  precipitation  percentage  game?  What  does 
a  chance  of  showers  with  a  30%  probability  mean  to  the 
public?  From  my  experience  with  the  media,  it  means 
little  if  anything.  People  do  understand  "chance  of, 
isolated,  scattered,  likely,  probable  and  possible,"  but 
not  the  percentages.  A  prime  example  of  the  problem 
of  percentages  occurred  in  Chicago  a  year  ago.  A  "comic" 
television  weatherman  discussed  a  1%  chance  of  snow  for 
the  following  day  despite  the  fact  that  his  forecast  called 
for  partly  cloudy  skies  and  temperatures  in  the  70s.  The 
following  day  I  was  in  an  elevator  with  two  women.  One 
woman  was  carrying  her  boots.  The  other  woman  said, 
"What  are  those  for?"  The  reply  was  that  the  weather- 
man on  television  said  it  would  snow.  The  fact  is  that 
many  people  only  hear  the  word  "snow"  or  "rain"  and 
not  what  the  percentages  are. 

Two  major  questions  were  asked  after  the  above  dis- 
cussion: 1)  should  private  services  put  out  watches  or 
warnings?,  and  2)  don't  multiple  forecasts  on  various 
radio  stations  add  to  confusion? 

In  response  to  the  first,  I  believe  that  private  services 
should  be  able  to  alert  the  public  to  significant  weather 
events  such  as  severe  storms,  hail,  tornadoes,  and  floods. 
Often  the  private  service  has  modern  equipment  that  the 
NWS  does  not  possess.  In  other  cases,  trained  observers 
may  call  in  reports  to  a  private  service  (we  have  our  own 
observer  network,  the  Severe  Weather  Activity  Team, 
SWAT)  or  simply  one  group's  equipment  may  fail  while 
the  other's  continues  to  function  normally.  Without 
totally  evading  the  question,  I  believe  that  just  because 
a  private  service  calls  their  severe  weather  bulletin  an 
alert  or  Skywatch  makes  it  no  less  effective.  Therefore, 
"watch"  or  "warning"  can  be  left  to  the  NWS,  but  I 
don't  see  why  it  should  be.  There  may  be  a  problem  with 
quality  control  for  either  a  government  or  private  ser- 
vice, but  this  is  not  easily  resolvable  and  I  don't  believe 
it  will  ever  be  resolved. 

Regarding  the  second  question  on  whether  multiple 
forecasts  on  various  radio  stations  add  to  confusion,  I 
would  say  that  in  some  ways  they  do  and  in  some  ways 
they  don't.  In  the  case  of  the  severe  weather  event,  if 
one  station  uses  the  terms  "watch"  or  "warning"  based 
on  the  NWS  bulletins  and  another  uses  an  "alert"  to 
define  a  similar  situation,  there  is  certainly  confusion  in 
the  public's  mind  due  to  a  lack  of  awareness  of  a  stan- 
dard definition.  Perhaps  we  should  study  this  further, 
and  possibly  the  terms  should  eventually  be  the  same  for 
each. 

Very  little  confusion  arises  from  various  local  stations 


carrying  different  general  forecasts,  either  between  dif- 
ferent private  services  or  the  private  and  public  services. 
Competition  is  the  name  of  the  game  for  the  private 
service.  Those  who  listen  to  the  stations  learn  what  to 
expect  from  the  station  they  listen  to.  The  fact  that  the 
private  service  is  able  to  update  immediately  gives  an 
advantage  in  terms  of  getting  the  information  to  the 
public  when  it  is  needed.  Second,  the  private  service  is 
constantly  under  scrutiny,  whether  by  the  media  or  other 
business  customers.  Therefore,  private  services  are  forced 
to  put  out  a  better  product.  If  a  severe  storm  is  in  the 
area,  the  private  meteorologist  will  stay  with  the  storm 
until  it  has  weakened.  There  are  no  set  hours  and  there- 
fore no  problems  with  shifts  during  important  weather 
events.  It  is  the  public  and  private  industry  that  keeps 
the  private  services  in  business;  if  we  don't  succeed  with 
a  superior  product,  then  our  business  will  fold.  Perhaps 
most  forecasts  should  be  made  by  the  private  services,  as 
the  public  and  the  dollar  are  our  own  special  quality 
control. 

3.  Discussion 

Joseph  H.  Golden.  Some  of  the  provocative  ideas  ex- 
pressed in  the  formal  presentation  by  the  panelists,  as 
reconstructed  above,  should  pique  the  intellect  of  many 
Bulletin  readers.  I,  for  one,  welcome  a  continuing  con- 
structive dialog  on  this  important  topic,  including  our 
foreign  colleagues. 

Many  of  us  who  were  present  during  the  open  discus- 
sion following  the  formal,  short  presentations  were  im- 
pressed with  the  development  of  a  growing  consensus 
within  the  local  meteorological  community  that  a  severe 
short-range  prediction  problem  exists.  Although  much 
of  the  discussion  consisted  of  detailed  follow-up  ques- 
tions on  the  formal  presentations,  I  tried  to  elicit  state- 
ments on  the  following  topics:  Is  the  growing  number 
of  sometimes  conflicting  local  forecasts  received  by  the 
public  from  NWS  and  competing  private  firms  a  healthy 
trend?  Will  this  add  to  public  confusion  on  whom  to 
believe?  Do  private  meteorologists  have  either  the  right 
or  the  responsibility  to  issue  their  own  severe  weather 
watches  and  warnings  (independent  of  NWS)?  Do  we 
really  know  anything  about  user  needs  for  local  weather 
forecasts? 

Ellis  Burton  emphasized  his  belief  that  the  NWS  has 
no  need  to  be  in  competition  with  the  private  sector. 
Ideally,  the  NWS  should  be  a  data  collection  and  dis- 
semination agency,  but  few  private  industrial  forecasting 
comp;  nies  would  be  willing  to  accept  the  responsibility 
for  issuing  severe  weather  warnings.  Furthermore,  some 
private  forecasters  have  more  modern  equipment  (e.g., 
color  radar  systems)  than  the  WSFOs  and  can  offer 
more  specialized  forecasts  to  clients.  Ed  Pearl  agreed 
with  these  last  two  points  and  suggested  that  the  exist- 
ing warning  system  operates  too  slowly.  Another  view 
expressed  was  that  a  centralized  agency  must  issue  the 
severe  weather  warnings  to  avoid  confusion  from  state 
to  state  and  region  to  region. 
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Finally,  several  comments  from  the  audience  suggested 
that  the  Department  of  Commerce  (DOC),  not  the  NWS, 
should  be  held  accountable  for  the  manpower  shortage 
and  overall  decline  in  effectiveness  of  the  NWS  opera- 
tions. Improved  forecaster  training  programs,  especially 
in  mesoscale  dynamics  and  analysis,  must  be  adequately 
budgeted  from  the  DOC.  The  NWS  is  perceived  by  many 
to  be  a  frequent  victim  of  DOC  cutbacks. 

The  short-range  forecast  problem  is  one  that  elicits 
strong  views  not  only  from  operational  meteorologists 
but  also  from  the  government  and  academic  atmospheric 
research  community.  For  this  reason,  and  because  of  its 
special  regional  significance,  it  seems  to  be  a  growing 
focus  of  discussion  at  AMS  chapter  meetings.  By  encour- 
aging such  a  dialog,  the  AMS  chapters  may  have  their 
best  opportunity  in  many  years  to  serve  their  profession 
and  the  nation.  We  invite  further  exchanges  on  this 
topic  through  correspondence  to  the  Bulletin. 

The  most  important  idea  brought  out  in  the  discus- 
sions was  that  the  large  communications  gap  that  cur- 
rently exists  between  forecasters  and  researchers  must 
be  bridged  before  the  rift  becomes  too  great  and  neither 
side  is  yet  able  to  understand  or  appreciate  the  con- 
tributions being  made  to  solve  important  operational 
problems.  We  simply  must  learn  to  communicate  more 
effectively  with  one  another! 
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Lilly  and  C.  W.  Newton. 
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THE  USE  OF  RADAR  FOR  STUDIES  OF  CLOUDS 


E.  E.  Gossard 


In  the  late  1950's  and  1960's  there  were  relatively  large  efforts  at 
several  laboratories  using  radars  for  studies  of  clouds.  Some  of  this 
work,  in  fact,  led  to  the  deployment  of  the  U.S.  Air  Force  TPQ-11  radar 
ceilometer  used  operationally  around  the  globe.  However,  the  success  of 
cloud  sensing  radars  was  generally  marginal.  There  are  several  reasons 
why  radars  have,  so  far,  been  unimpressive  in  cloud  studies:   1)  except 
for  the  TPQ-11,  the  radars  used  have  usually  been  designed  for  other  pur- 
poses. For  example,  the  wavelengths  used  have  been  in  the  centimeter 
range  or  longer.  2)  The  radar-observed  bases  and  tops  of  clouds  often 
did  not  agree  well  with  the  visible  bases  and  tops.  3)  No  simple  rela- 
tionship was  found  between  the  radar  observations  and  the  cloud  classifi- 
cation system  of  the  meteorological  services.  According  to  Plank  et  al. 
(1954),  of  89  periods  during  which  echoes  were  received,  slightly  less 
than  50%  could  be  classed  as  echoes  from  internationally  defined  cloud 
types.  4)  For  reasons  never  well  understood,  only  about  50%  of  the 
clouds  visually  observed  were  detected  by  radar,  and  the  presence  of  ice 
crystals  seemed  to  be  important.  Harper  (1964)  reported  that  only  about 
50%  of  high  clouds  and  75%  of  medium  clouds  were  detectable  with  a  0.86 
cm  wavelength  radar  in  southern  "England . 

For  the  reasons  given  above,  radar  cloud-sensing  has  generally  not 
been  vigorously  pursued  in  the  1970's.  However,  in  the  last  decade  there 
have  been  several  developments  in  radar  technology  that  suggest  that  radar 
cloud-studies  should  be  resumed.  These  include  the  ready  availability  of 
low-noise  components  which  can  significantly  improve  the  sensitivity  of 
radar  receivers.  Furthermore,  the  technology  of  satellite  communications 
has  produced,  and  made  commercially  available,  microwave  components  at 
wavelengths  of  only  a  few  millimeters-components  that  would  have  been  expen- 
sive and  inefficient  a  decade  ago.  Finally,  new  radars  have  been  designed 
and  built  specifically  for  atmospheric  investigations.  Some  of  them,  such  as 
the  FM-CW  Doppler  radar,  have  great  flexibility  in  spatial  and  temporal 
resolution,  and  have  the  ability  to  sense  the  clear  air  in  addition  to 
hydrometeors .  The  incorporation  of  computers  into  the  new  radar  systems  pro- 
vides many  options  in  the  processing  of  data.  It  now  seems  clear  that 
operational  wind-sensing  radars  will  eventually  be  deployed  as  part  of  the 
routine  observational  system  of  the  weather  services,  and  it  is  important 
to  determine  early  what  cloud-sensing  capabilities  may  be  anticipated  from 
such  radars.  Lending  further  urgency  to  the  development  of  cloud-sensing 
systems,  is  the  increasing  realization  that  detailed  short-term  prediction 
of  storm  development  requires  observation  at  a  much  earlier  stage  in  storm 
evolution  than  is  provided  by  conventional  weather  radars. 
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MILLIMETER  WAVES  -  PROPAGATION  AND  APPLICATION 

David  C.  Hogg 

Wave  Propagation  Laboratory,  National  Oceanic  and  Atmospheric  Administration,  Boulder,  CO.,  U.S.A. 


INTRODUCTION 

The  impact  of  mm  wavelength  radio  on  both  in- 
dustry and  government  has  so  far  been  minimal. 
But  some  applications  are  now  surfacing  quite 
strongly:   satellite  and,  to  lesser  extent, 
terrestrial  communications,  remote-sensing  of 
the  atmosphere  for  weather-forecasting  pur- 
poses, and  recognition  systems  for  the  mili- 
tary.  Radio-astronomy  has  always  had  a  lively 
vested  interest.   An  appraisal  of  the  first 
two  of  these  activities  will  be  given,  empha- 
sis being  on  the  role  played  by  the  propaga- 
tion and  antennas  in  design  of  such  systems. 

Communications 

Terrestrial.   The  conventional  radio-relay  ap- 
proach,  used  so  successfully  in  the  past  at 
centimeter  wavelengths,  encounters  such  strong 
attenuation  by  rain  at  millimeter  wavelengths 
that  the  economic  viability  of  communication 
systems  at  those  wavelengths  becomes  question- 
able.  Path  lengths  between  repeaters  become 
very  short  and  the  number  of  repeaters  large. 
Nevertheless,  application  in  urban  areas  where 
high  information  capacity  is  required  may  be- 
come worthwhile. 

An  interesting  alternative  to  the  conventional 
radio-relay  arrangement,  the  so-called  Hertzian 
cable  (Arnaud  et  al  (1),  Arnaud  (2)),  may  re- 
sult in  a  larger  available  margin  for  rain  at- 
tenuation.  It  consists  of  a  series  of  pairs 
of  focussing  and  redirecting  cylindrical  mir- 
rors mounted  on  suitably  high  buildings  as 
shown  schematically  in  Figure  1.   At  100  GHz 
(3  mm)  for  example,  if  the  redirectors  are  of 
area  one  square  meter,  the  interspacing  can  be 
at  least  100  m;   experiments  (Anderson  and 
Ruscio  (3))  at  105  GHz  utilizing  10  pair  over 
an  0.8  km  path  show  that  a  clear-day  attenua- 
tion of  less  than  3  dB  from  transmitting  to 
receiving  waveguide  can  be  achieved.   Thus 
this  type  of  system  can  have  very  little  asso- 
ciated "path  loss"  and  therefore  a  consider- 
ably larger  fading  range  (to  accommodate  rain) 
than  a  conventional  system. 

The  magnitude  of  attenuation  by  rain  is  demon- 
strated by  measurements  (DeLange  et  al  (4))  at 
60  GHz  (5  mm)  taken  on  a  1-km  path  throughout 
1970  in  New  Jersey,  U.S.A. 

A  cumulative  distribution,  given  in  Figure  2, 
shows  that  an  attenuation  of  30  dB  is  exceeded 
0.005  percent  of  the  time  (about  25  minutes 
per  year) ;   at  100  GHz  the  attenuation  would 
be  about  ten  percent  larger.   Thirty  dB  at  60 
GHz  corresponds  to  an  average  rainrate  of 
about  100  mm  per  hour  over  a  1-km  path. 

Microwaves  have  recently  been  observed  to  be 
subject  to  significant  differential  attenua- 
tion (Semplak  (5))  and  depolarization  (Semplak 
(6))  in  propagation  through  rain  because  of 
large  oblate  drops.   But  at  millimeter  wave- 
lengths, both  theory  (Chu  (7))  and  experiment 
(4)  show  these  effects  to  be  small;   a 


theoretical  computation  (7)  of  the  depolariza- 
tion at  various  frequencies  as  a  function  of 
attenuation  by  a  100  mm/hr  rain  is  given  in 
Figure  3.   The  marked  change  in  behavior  with 
wavelength  occurs  for  two  reasons:   because 
the  refractive  index  of  water  decreases  rap- 
idly from  cm  to  mm  wavelengths  (less  differ- 
ential phase  shift  at  the  latter) ,  and  be- 
cause the  small  rain  drops  (which  do  not  de- 
form because  of  surface  tension)  are  most 
influential  at  mm  wavelengths.   From  Figure 
3,  a  rain-induced  fade  of  40  dB  results  in  a 
cross-polarized  component  of  -15  dB  at  11 
GHz,  but  only  -35  at  100  GHz. 

Satellite.   Beacons  at  wavelengths  near  1  cm 
have  been  mounted  on  synchronous  satellites 
for  measurements  of  earth-space  propaqation. 
ATS-5  (Ippolito  (8))  and  ATS-6,  which'af ford- 
ed intermittent  transmission  at  30  GHz,  have 
been  followed  by  COMSTAR  1  (A  and  B)  which 
continuously  illuminate  the  contiguous  U.S.A. 
at  28.5  GHz;   several  ground  stations  in  lo- 
cations of  various  climate  are  taking  obser- 
vations of  28.5  GHz  attenuation  and  depolar- 
ization.  It  is  found,  in  addition  to  the  now 
familiar  depolarization  occurring  during 
(Hogg  and  Chu  (9)),  preceding,  and  following 
fades  caused  by  heavy  rain,  that  some  depo- 
larization also  occurs  in  the  absence  of 
fading.   These  occurrences  (Cox  et  al  (10)) 
are  associated  with  ice  crystals  in  high 
clouds  which  produce  differential  phase  shift 
in  orthogonal  components  of  the  polarization. 
However,  the  cross-polarized  power  thus  pro- 
duced is  small,  resulting  in  acceptable  cross- 
talk levels  in  PCM  transmission  systems. 

The  large  mm-wave  attenuation  produced  at 
times  by  rain  in  most  locations  make  site 
diversity  mandatory  if  good  all-weather  re- 
liability in  communications  is  required.   Sep- 
aration of  two  sites  by  several  miles  on  a 
baseline  normal  to  the  earth-space  path  (9) 
provides  adequate  reliability  at  cm  wave- 
lengths, but  at  mm  wavelengths  more  than  two 
sites  may  be  necessary  and  experiments  have 
yet  to  be  done. 

Remote  Sensing 

Passive  remote  probing  of  the  atmosphere  is 
somewhat  more  subtle  than  the  communications 
problem.   For  example,  in  temperature  pro- 
filing, the  weather  forecaster  requires  abso- 
lute temperature  to  an  accuracy  within  1°C  as 
a  function  of  altitude.   Multi-channel  radi- 
ometers near  the  60  GHz  absorption  line*  are 
used  to  monitor  continuously  the  temperature 
profile;   this  means  that  the  absorption 
(emission)  coefficients  must  be  accurately 
known,  the  equipment  be  both  sensitive  and 
stable,  and  the  profiles  be  retrievable  in  the 
presence  of  other  absorbing  constituents  such 
as  water  vapor  and  liquid  water.   It  is  also 


*The  channels  are  chosen  on  the  side  of  the 
line  such  that  the  radiometers  receive  more 
or  less  radiation  from  various  altitudes. 
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useful,  for  forecasting  and  weather  modifica- 
tion, to  measure  the  water  vapor  and  liquid  in 
the  atmosphere.   The  remote  sensing  can  be 
performed  from  the  earth,  and  from  orbiting 
or  synchronous  satellites;   but  from  satel- 
lites, the  radiometers  must  contend  with  a 
changing  background,  land  or  sea.   An  example 
of  profiles  retrieved  (Westwater  (11))  from  a 
five-channel  earth-based  radiometer  is  shown 
in  Figure  4.   Also  shown  in  this  Figure  are 
profiles  that  can  be  retrieved  using  a  combi- 
nation of  active  and  passive  techniques. 

In  the  case  of  water  vapor,  detailed  profiling 
will  have  to  await  research  at  frequencies  on 
the  side  of  the  strong  absorption  line  near 
180  GHz  (1.65  mm) . 

Antennas  for  Remote  Serising 

The  requirements  on  antennas  for  terrestrial 
remote  sensing  are  similar  to  those  for  satel- 
lite communications;   in  both  cases,  perfor- 
mance must  not  be  degraded  by  precipitation  at 
the  site.   Unfortunately,  radomes  and  the  like 
do  not  alleviate  the  problem  because  the  at- 
tenuation and  noise  generated  by  a  liquid 
layer  on  a  transmission  window  degrade  perfor- 
mance much  more  than  that  same  layer  on  a  re- 
flecting surface  (9)    For  this  reason,  anten- 
na systems  such  as  that  shown  in  Figure  5  are 
designed  for  remote  sensing  (Hogg  et  al  (12)). 
The  radiometers  and  the  antenna  are  in  a  shel- 
tered environment;   radiation  from  the  atmo- 
sphere enters  the  antenna  by  way  of  an  exposed 
flat  reflector  and  a  thin  window  protected 
from  the  elements  by  a  cowling.   In  remote 
sensing  from  satellites  (Staelin  et  al  (13)), 
these  problems  of  course  do  not  arise,  and  the 
constraints  on  the  antennas  are  simply  low 
loss,  equal  beamwidth  (where  several  frequen- 
cies are  used) ,  and  light  weight.   In  both 
terrestrial  and  satellite  passive  sensors, 
equal  beamwidth  at  the  several  frequencies  is 
necessary  to  enable  correction  for  emission 
from  clouds. 
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We  can  conclude,  therefore;  that  there  are 
applications  of  millimeter  waves,  beyond  those 
of  the  military  and  radio  astronomy,  which  are 
reaching  the  practical  state.   The  future 
looks  particularly  promising  in  remote  sensing, 
where  the  losses  and  other  electromagnetic 
properties  of  atmospheric  constituents  offer 
useful  characteristic  signatures. 
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THE  BOULDER  ATMOSPHERIC  OBSERVATORY 

William  H.  Hooke 
Chief,  Atmospheric  Studies  Program  Area 
NOAA/ERL/Wave  Propagation  Laboratory 
Boulder,  Colorado  80302 

The  Wave  Propagation  Laboratory  (WPL)  of  NOAA,  in  co- 
operation with  the  National  Center  for  Atmospheric  Research 
(NCAR) ,  has  just  completed  construction  of  the  Boulder 
Atmospheric  Observatory  (BAO) ,  a  facility  for  meeting  a 
wide  range  of  needs  within  the  research  community.  Show- 
piece of  the  facility  is  a  300-m  tower,  instrumented  at 
eight  fixed  levels  with  fast-response  temperature  sensors 
and  sonic  anemometers  for  measuring  not  only  mean  wind  and 
temperature  but  also  turbulent  fluctuations  in  these 
quantities.  The  tower  also  has  available  an  instrumented 
carriage  for  providing  continuous  height  profiles  of 
quantities  of  interest.   In  addition  to  the  tower,  the 
facility  features  remote-sensing  systems  such  as  acoustic 
echo  sounders  and  optical  anemometry  for  studying  the 
planetary  boundary  layer  (PBL) .  A  quarter-million  dollar 
minicomputer  system  provides  for  data  acquisition,  pro- 
cessing, and  archiving.  We  intend  to  operate  the  facility 
ultimately  on  a  continuous  basis,  in  order  to  provide  a 
climatology  of  PBL  turbulence  statistics. 

Although  the  BAO  is  intended  for  use  by  the  parent 
organizations,  power  and  a  number  -of  extra  data  channels 
are  available  at  each  instrumented  tower  level  for  experi- 
ments of  other  groups.  Data  may  be  fed  into  the  central 
data-processing  facility  or  recorded  separately.  We  are 
developing  our  computer  system  so  that  it  may  be  readily 
used  by  outside  workers,  either  at  the  BAO  site  itself 
or  by  remote  terminal.  Already  we  have  been  approached 
with  plans  to  use  the  BAO  on  experiments  including  bird 
flight,  micrometeorology,  instrument  calibration,  and 
studies  of  the  tower  structural  dynamics  itself. 

The  talk  concludes  with  an  outline  of  the  major  work 
to  be  accomplished  at  the  BAO  in  1978. 
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1.  Introduction 

Since  its  founding  in  1967,  the  Wave  Propagation  Laboratory 
(WPL)  of  NOAA  has  endeavored  to  improve  the  nation's  geophysical 
research  and  services  through  the  development  and  application  of 
remote  sensors.  The  past  decade  has  seen  a  stream  of  devices  and 
systems  flowing  from  the  laboratory  to  the  outside  world,  covering 
the  gamut  from  lidars,  radars,  and  acoustic  echo  sounders,  to 
radiometry,  thunderstorm  gust-front-detection  systems  for  use  at 
airports,  and  sea-state  and  sea-current  radars.  As  each  of  these 
systems  has  progressed  through  a  sequence  of  concept  identification, 
technique  development,  and  application,  it  has  been  necessary  to 
provide  independent  tests  and  evaluations  of  the  system's  perform- 
ance.  For  many  years  in  the  past,  the  laboratory  has  attempted  to 
carry  out  such  comparisons  and  calibration  using  a  meteorological 
tower  at  Haswell,  Colorado,  several  hundred  kilometers  distant 
from  Boulder.   Repeatedly  we  have  found  that  the  logistics  associ- 
ated with  mounting  experiments  at  this  facility  were  so  cumbersome 
and  expensive  as  to  preclude  field  work  of  more  than  two  weeks' 
duration  in  any  given  year.  Our  activity  at  this  site  was  thus 
limited  to  field  programs  in  1969,  1972,  1974,  and  1975.   While 
these  were  quite  productive  (see,  e.g.,  Little  and  Gossard,  1975), 
they  often  left  many  questions  unanswered.   For  this  reason,  WPL 
has  worked  for  some  time  to  develop  a  facility  within  easy  commuting 
distance  from  Boulder,  where  we  could: 

a)  test  and  calibrate  new  meteorological  remote- 
sensing  systems. 

b)  make  initial  application  of  such  systems  to 
atmospheric  research 

c)  develop  an  economic,  mobile  remote-sensing 
capability  for  carrying  out  boundary-layer 
studies  in  other  parts  of  the  world. 

The  result  is  the  Boulder  Atmospheric  Observatory  (BAO) . 

2.  The  Instrumented  Tower 

The  major  feature  of  the  BAO  is  its  500-m  meteorological 
tower,  of  guyed  open-lattice  design.  The  structure  is  galvanized 
steel  with  three  legs,  spaced  5  m  apart.   Designed  (a)  to  support 
an  additional  200  m  should  that  ever  prove  desirable  and  economi- 
cally feasible,  and  (b)  to  withstand  77  ms"*  winds  with  1.5  cm  of 
radial  ice  on  all  exposed  surfaces,  the  tower  is  a  very  impressive 
structure  (figure  1).   It  is  located  on  gently  rolling  prairie  some 
25  km  east  of  the  foothills  of  the  Rockies  (figure  2).  Although 
many  of  the  surrounding  sections  of  land  have  been  undermined  to 
tap  a  major  coal  field  in  the  area,  the  tower  site  itself  lies  over 
a  block  upthrust  or  horst  area  that  has  not  been  undermined,  thus 
providing  sufficient  support  for  the  tower  weight  and  the  guy  wire 
tension.  The  tower  proper  rests  on  a  foundation  cap  which  in  turn 
surmounts  three  concrete  piers  each  1.5  m  in  diameter  and  17  m  deep. 
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A  two-man  elevator  inside  the  tower  provides  access  to  the 
eight  instrumented  levels;  these  are  fixed  at  heights  of  10m,  22m, 
50m,  and  every  50m  above  (figure  3).  All  levels  have  identical  in- 
strumentation. 
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Figure  5.  The  Tower  Instrumentation 


At  each  level  the  instruments  are  mounted  on  a  4m  telescoping  boom 
attached  to  a  hinged  support  with  fine  adjustments  for  leveling. 
Figure  4  is  a  drawing  of  a  boom  and  its  instrumentation.  Fluctuat- 
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ing  temperature  is  measured  by  a  platinum-wire  thermometer.  Three- 
axis  sonic  anemometers  are  used  to  measure  both  the  mean  wind  and 
turbulent  fluctuations  in  the  mean  wind.   Humidity  fluctuations  are 
measured  by  a  Lyman-ct  humidiometer.   (Ultimately  all  levels  will 
have  these  expensive  humidity  sensors;  however,  initially  this 
particular  instrumentation  will  be  sparse.)  The  other  two  sensors 
on  the  boom  are  slow-response  devices  for  measuring  mean  temperature 
and  mean  dewpoint.  More  detailed  descriptions  of  the  instruments 
and  their  operation  may  be  found  in  the  paper  by  Kaimal  (1978)  and 
the  references  therein.   Because  the  limited  climatological  data 
available  from  the  Denver  area  suggest  that  prevailing  winds  at  the 
site  are  from  the  southeast  during  the  summer  and  from  the  northwest 
during  the  winter,  we  have  two  booms  at  each  level  for  switching  the 
sensors  on  a  seasonal  basis  in  order  to  obtain  optimal  exposure. 
Obviously,  however,  there  will  be  periods  when  data  will  be  less 
meaningful  because  the  instruments  are  in  the  lee  of  the  tower. 

In  addition  to  the  fixed  levels  of  instrumentation,  a  moveable 
carriage  on  the  southwest  face  of  the  tower  permits  continuous  pro- 
filing or  fixed-level  operation  at  any  desired  height.  A  boom  on 
the  carriage  supports  the  full  complement  of  instruments  available 
at  the  fixed  levels.  The  carriage  can  support  an  additional  1200  kg 
of  equipment  for  special  experiments.  The  carriage  and  each  fixed 
level  of  the  tower  carry  110-120  AC  power  and  signal  cables  addi- 
tional to  the  cabling  and  power  for  the  standard  instrumentation. 

3.   Ground-Based  Sensors 

There  are  two  major  categories  of  ground-based  meteorological 
sensors  at  the  BAO.  The  first  are  in  situ  sensors  measuring  atmo- 
spheric pressure,  rainfall,  net  radiation  and  soil  heat  flux.   In 
addition,  a  spatial  array  of  eight  microbarographs  distributed  over 
a  2  km  radius  about  the  tower  senses  small  amplitude  pressure 
fluctuations  (as  small  as  10~4  mb)  associated  with  gust  fronts  and 
gravity  waves  (Hooke,  1975).  The  second  category  is  made  up  of 
remote  sensors  developed  by  WPL  over  the  past  decade.  These  in- 
clude a  triangular  array  of  optical  crosswind  anemometers  located 
at  the  outer  guy  anchors  (Lawrence  e_t  al_.  ,  1972)  for  measuring  sur- 
face winds  and  horizontal  convergence.   (Recognizing  that  the  outer 
guy  anchors  are  likely  to  prove  popular  points  for  locating  ground- 
based  equipment,  we  are  making  additional  power  and  signal  cables 
available  at  these  sites  as  well.)  An  FM-CW  Doppler  radar  (Chad- 
wick  et_  al_.  ,  1976)  will  be  available,  at  least  initially,  to 
measure  winds  in  the  clear  air  to  altitudes  of  1  km.   Three  acoustic 
echo  sounders,  one  at  each  of  the  outer  guy  anchors,  will  be  used 
to  document  planetary-boundary  layer  (PBL)  heights,  the  presence  of 
convective  plumes,  and  the  structure  of  stably  stratified  layers. 
In  addition,  one  of  the  sounders  will  have  a  bistatic  Doppler  wind- 
sensing  capability  through  the  addition  of  two  fan-beam  acoustic 
transmitters. 
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Although  the  basic  facility  comprises  these  remote  probes, 
additional  WPL  probing  systems,  including  microwave  radiometers, 
pulsed  and  FM-CW  lidar  systems,  and  pulse  dual-Doppler  radar  systems 
can  be  made  available  for  brief  periods  by  arrangement. 

4.  Data  Acquisition  and  Processing 

A  digital  computer  at  the  BAO  site  itself  will  handle  data 
acquisition  from  the  tower  and  ground-based  systems.  Originally,  a 
Mobile  Micrometeorological  Observation  System  (MMOS)  used  in  past 
PBL  experiments  (Haugen  et  al . ,  1971;  Kaimal  et^  al_.  ,  1976)  will  be 
used  for  this  purpose.  Ultimately  the  task  will  be  taken  over  by  a 
new  PDP  11/34  computer,  supplied  by  NCAR.  This  system  will  be 
housed  in  temporary  buildings  some  600m  southwest  of  the  tower, 
pending  construction  of  a  permanent  building  by  NCAR's  Field  Observ- 
ing Facility  at  the  same  site.  Underground  cables  will  link  the 
computer  to  the  tower  instrumentation.   Since  it  has  been  clear  to 
us  from  the  outset  that  with  the  exception  of  certain  special 
periods  of  data  collection  we  will  not  be  able  to  record  all  the 
sampled  data  (fast-response  data  of  10  Hz  and  slow-response  data  at 
1  Hz)  on  a  climatological  basis,  we  have  settled  on  a  procedure  for 
storing  high-frequency  turbulence  information  in  the  form  of  smoothed 
spectral  and  cospectral  estimates  and  low-frequency  information  as 
times  series.   In  this  way  we  can  reduce  the  storage  of  high-fre- 
quency information  in  each  20-minute  period  to  roughly  24  data  words 
per  channel.   Details  are  given  by  Kaimal  (1978).  The  low-frequency 
information  is  contained  in  two  simultaneous  time  series.  To 
compute  the  low-frequency  portion  of  the  meteorological  spectra,  we 
store  10-second  block-averaged  data  (100  points  of  10  Hz  data). 
The  block-averaging  reduces  aliasing.  However,  in  order  to  compute 
variances,  fluxes  and  moments,  we  also  store  a  grab  sample  (the  last 
sample  in  each  10-second  block). 

Ultimately,  the  PDP  11/34  system  will  be  in  communication  with 
a  PDP  11/70  system  at  our  laboratory  in  Boulder,  which  will  feature 
(a)  a  100-million-word  disc  memory,  able  to  store  the  last  month  of 
BAO  data,  and  (b)  interactive  computer  terminals  and  peripheral 
analyses  of  the  data.  Connections  with  NOAA  and  NCAR  central 
computer  systems  are  also  contemplated. 

5.  Future  Plans 

Our  major  plans  for  the  immediate  future  include  the  following: 

1)  Completion  of  the  tower  instrumentation.  This  has  not 
been  done  at  the  time  of  this  writing,  but  it  should  be 
done  by  the  time  of  presentation. 

2)  A  site-evaluation  experiment  in  April  1978.  Most  boundary- 
layer  theorv  has  been  develooed  for  level,  homogeneous 
terrain.  This  site  does  not  meet  those  standards,  raising 
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the  twin  issues  of  (a)  departures  from  the  idealized 
case,  and  (b)  the  representativeness  of  the  tower  site. 
We  will  investigate  both  these  points  in  April  using  the 
NCAR  PAM  network  and  aircraft  flybys  on  20-km  legs  down- 
wind and  crosswind  of  the  tower. 

3)  An  August  1978  workshop  of  PBL  researchers. 

4)  An  August  1978  study  of  the  convective  PBL,  using  dual 
Doppler  radars  and  chaff,  aircraft,  and  the  NCAR  PAM 
network.  This  experiment  has  multiple  objectives  in 
the  areas  of  remote-sensor  development,  PBL  processes, 
transport  and  diffusion  in  the  PBL,  and  PBL  modeling. 
Some  severe-storm  PBL  work  will  also  be  attempted. 

5)  A  summer  1979  WMO/CIMO  intercomparison  of  low-level  sound- 
ing systems  for  the  World  Meteorological  Organization. 

We  encourage  outside  use  of  this  facility,  and  we  particularly 
solicit  comments  from  you  concerning  applications  of  this  facility 
to  wind  engineering.   Anyone  wishing  to  mount  an  experiment  at  the 
BAO  should  either  write  to  me  or  phone  (303)  499-1000,  x6378. 
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NOAA  Technical  Memorandum  ERL  WPL-37,  September,  1978 


FEASIBILITY  STUDY  OF  SATELLITE-BORNE  LIDAR 
GLOBAL  WIND  MONITORING  SYSTEM 


R.  M.  Huffaker  (Editor) 


We  have  analyzed  the  feasibility  of  monitoring  the  global  wind 
patterns  from  orbital  altitudes  to  800  km  using  a  coherent  infrared 
lidar.  A  one-meter  diameter  telescope  is  assumed  on  the  satellite, 
collimating  the  10  J  pulses  that  are  3-7  us  in  duration  from  a  COp 
isotope  gas  laser.  Pointing  accuracy  of  50  or  100  urad  is  assumed 
with  short-term  pointing  jitter  of  2  urad  during  the  4  ms  pulse  time- 
of -flight.  The  lidar  scans  in  a  conical  pattern  around  the  nadir  point 
in  12s  while  pulsing  at  an  average  rate  of  8  Hz.  Using  realistic 
models  of  atmospheric  attenuation  and  aerosol  backscatter,  we  show  that 
it  should  be  possible  to  measure  global  winds  by  means  of  the  Doppler 
shift  at  1  km  height  intervals  throughout  the  troposphere  with  an 
accuracy  of  1-2  m  s"1,  so  long  as  dense  clouds  do  not  obstruct  the  line- 
of-sight.  Even  for  stormy  conditions,  case  studies  using  actual  cloud 
statistics  show  that  for  most  cases  the  wind  velocity  can  be  accurate- 
ly measured  in  a  300  X  300  km  patch  to  1-2  m  s"1  down  to  altitudes  of 
1  km  above  the  surface.  Cirrus  clouds  only  slightly  attenuate  the  beam 
and  actually  provide  enhanced  backscatter  for  measuring  upper-tropospher- 
ic  winds.  A  conceptual  design  for  a  Space  Shuttle  feasibility  demonsta- 
tion  lidar  has  been  completed. 
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Program  Development  Plan  for  Prototype  Regional 
Observing  and  Forecasting  Service  (PROFS),  September  1978 


PROFS  PDP  Panel 
C.  G.  Little  (Chairman) 
D.  W.  Beran  (Editor-in-chief) 


This  Program  Development  Plan  is  an  updated  version  of  the  original 
document  completed  by  the  Profs  PDP  panel  in  August  1977.  While  the  basic 
concept  and  goals  of  PROFS  have  remained  intact  this  plan  incorporates  the 
thinking  of  a  wider  constituency.  Many  of  the  changes  and  improvements 
resulted  from  a  PROFS  PDP  workshop  held  in  March,  1978,  which  was  attended 
by  representatives  from  NOAA's  research  and  operational  components,  other 
government  agencies  with  an  interest  in  local  weather  services,  and  the 
private  sector. 
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Preprint  Volume;  Fourth  Symposium  on  Meteorological 
Observation  and  Instrumentation,  150-152,  American 
Meteorological  Society,  April  1978. 


GROUND-BASED  PASSIVE  MICROWAVE  SENSING  OF  WATER  VAPOR  AND  CLOUD  LIQUID 


Ed  R.  Westwater  and  F.  0.  Guiraud 

NOAA/ERL/Wave  Propagation  Laboratory 
Boulder,  Colorado  80302 


1 .  INTRODUCTION 

Total  precipitable  water  is  an  important 
component  of  many  moisture-related  processes  in 
the  atmosphere.  For  example,  the  occurrence  of 
convective  clouds  and  precipitation  is  closely 
related  to  the  amount  of  water  vapor  in  the  layer 
from  the  surface  to  400  mb  (Battan  and  Kassander, 
1960).  Consequently,  measurements  of  integrated 
vapor  have  been  used  in  the  design  of  cloud 
seeding  experiments  (Dennis  and  Koscielski,  1969). 
Continuous  observations  of  this  quantity  may 
also  be  useful  in  operational  precipitation 
forecasting,  and  in  meteorological  research 
applications  such  as  the  estimation  of  water 
vapor  flux  into  convective  cells  (Leichter 
and  Dennis,  1974) . 

At  the  present  time,  integrated  water 
vapor  can  be  measured  in  several  ways.  Opera- 
tionally, this  quantity  can  be  obtained  by  inte- 
grating radiosonde  soundings  and  can  be  esti- 
mated, between  soundings,  by  statistical  re- 
gression of  surface  observations.  Other  mea- 
surement techniques  include  the  spectral  hygrom- 
eter and  aircraft  soundings  using  a  microwave 
cavity  refractometer. 

None  of  the  above  techniques  is  com- 
pletely appropriate  for  long  term,  continuous, 
and  near  all-weather  operation.  Because  of  its 
operational  simplicity,  and  its  proven  perform- 
ance in  such  areas  as  long  term  attenuation 
monitoring,  microwave  radiometry  seems  ideally 
suited  for  routine  monitoring  of  moisture  and 
its  changes  with  time.   We  will  summarize  below, 
following  Westwater  (1978),  how  a  dual-channel 
microwave  radiometer  can  provide  near  all- 
weather  measurements  of  integrated  water  vapor 
and  cloud  liquid. 

2.  FACTORS  DETERMINING  THE  ACCURACY  OF 
RADIOMETRIC  DETERMINATION  OF  LIQUID 
AND  WATER 

It  is  conventional  in  microwave  radiom- 
etry to  express  atmospheric  radiative  emission 
intensity  as  an  equivalent  black  body  tempera- 
ture, or  brightness  temperature.   As  shown  by 
Hogg  and  Chu  (1975),  brightness  temperature  can 
be  related  to  total  absorption  under  conditions 
Df  low  attenuation  (optical  depth  <  ^  1) .  This 
absorption  can,  in  turn,  be  directly  related  to 
corresponding  amounts  of  integrated  water  vapor  V 
and  cloud  liquid  L.  Thus  emission  measurements  of 
low  attenuation  at  a  vapor  sensitive  frequency 
and  a  cloud  sensitive  frequency  allow  separation 
of  the  two  water  phases.  Various  errors,  both  in 
measurement  and  in  physical  constants,  affect  the 
accuracy  of  this  separation: 


(a)  Errors  in  mean  radiating  temperature.  These 
errors  result  from  the  unknown  spatial 
distributions  of  temperature,  water  vapor, 
and  cloud  liquid  which  affect  the  deter- 
minations of  V  and  L. 

(b)  Measurement  errors  in  brightness  tempera- 
ture. 

(c)  Uncertainties  in  dry  attenuation.  This 
attenuation  arises  from  the  "wing"  contri- 
bution of  the  5  mm  oxygen  band.   It  can  be 
predicted  climatologically  to  about  10%. 

(d)  Errors  in  water  vapor  absorption  coeffi- 
cients. These  errors  arise  from  uncertain- 
ties in  molecular  constants,  spectral  line 
shape,  etc.,  and  through  variations  in  atmos- 
pheric profiles  that  cannot  be  predicted 
climatologically.  Errors  in  this  category 
are  the  limiting  factor  in  the  determina- 
tion of  V  during  clear  conditions. 

(e)  Errors  in  cloud  liquid  attenuation  coeffi- 
cient. For  non-precipitating  clouds,  this 
uncertainty  arises  primarily  from  uncer- 
tainties in  cloud  temperature.  Rain  will 
cause  difficulties  but  it  seems  likely  that 
useful  estimates  of  V  can  still  be  obtained 
for  low  rain  rates  (<  5  mm/hr) . 

3.        ESTIMATION  OF  ACCURACY  OF  INTEGRATED 
VAPOR  AND  LIQUID  DETERMINATION 

We  estimated  the  accuracy  in  V  and  L 
determination  for  two  pairs  of  frequencies 
(20.6,  31.65)  and  (22.235,  31.65)  GHz.  The 
20.6  and  22.235  GHz  channels  are  vapor  sensitive; 
the  31.65  is  sensitive  to  clouds.  The  (22.235, 
31.65)  is  already  in  an  operational  sounder  on 
a  satellite  (Staelin  et  al.,  1975);  the  (20.6, 
31.65)  pair  uses  a  water  channel  at  which  the 
uncertainties  in  vapor  absorption  coefficient 
are  small. 

Typical  results  on  overall  accuracy 
of  vapor  and  liquid  retrievals,  for  values  of 
average  moisture  ranging  from  4  to  45  mm,  and 
cloud  attenuations  up  to  15  dB,  are  shown  in 
Fig.  1  (in  this  and  Fig.  2,  relative  accuracy 
means  standard  deviation  divided  by  true  value) . 
Several  features  are  evident  from  this  figure: 
(1)  for  clear  skies,  the  20.6  GHz  frequency 
yields  a  better  accuracy  in  V  than  the  22.235  GHz 
frequency;  for  V  >  10  mm,  this  accuracy  generally 
is  better  than  *\»  15%.   (2)  at  some  cloud  density 
the  accuracy  for  determining  V  at  22.235  GHz 
will  exceed  that  of  the  lower  frequency  channel; 
(3)  except  for  the  extremes  of  the  cloud  error 
curves,  the  relative  accuracy  of  the  derived 
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Figure  1.     Errors  in  the  determination  of  preci- 
pitable  water  as  a  function  of  aloud  emission. 
1  ■  vapor  determination  with  (20. 6 ,   31.65  GHz\ 
system,   2  =  vapor  determination  with  (22.235, 
31.65  GHz)  system,   3  =  liquid  determination 
with  (22.235,   31.65  GHz)  system,   4  =  relative 
accuracy  in  liquid  with  (22.235,   31.65  GHz) 
system. 
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Figure  2.     Errors  in  the  determination  of  preci- 
pitable  water  as  a  function  of  cloud  emission. 
Same  notation  as  in  Figure  1.     Molecular 
constants  and  absorption  equations  are  assumed 
to  be  correct. 


amount  of  cloud  liquid  is  better  than  10%  and 
is  quite  insensitive  to  the  amount  of  water  vapor 
present.  To  estimate  system  reliability  from 
these  curves,  it  is  necessary  to  know  the  per- 
centage of  time  that  cloud  attenuation  levels 
(or  excess  brightness  temperature  levels)  are 
exceeded.   Lo  et  al.,  (1975)  reported  attenuation 


at  35  GHz  for  various  types  of  non-precipitating 
clouds.  Even  in  pre-rain  clouds,  the  largest 
observed  liquid  attenuation  was  2.3  dB.   In 
addition,  some  long  term  statistics  are  available. 
For  example,  at  Holmdel,  N.J.,  Wilson  (1969) 
determined  that  the  excess  attenuation  at  30  GHz 
exceeded  3  dB  about  1%  of  the  time  for  night- 
time zenith  observations,  and  it  exceeded  3  dB 
2%  of  the  time  for  daytime  solar  tracking.  Our 
extrapolation  to  30  GHz  of  Bergmann  and  Muller's 
(1976)  observations  of  sky  brightness  at  13  and 
18  GHz,  taken  at  Longmont,  Colorado,  implies 
that  3  dB  would  be  exceeded  only  about  0.1% 
to  0.2%  of  the  time.  Thus,  for  many  locations 
at  least,  these  rather  conservative  attenuation 
estimates  along  with  the  accuracies  indicated 
in  Fig.  1  suggest  a  high  degree  of  system  reliabi- 
lity. 

A  large  component  of  the  total  error 
in  water  vapor  mass  absorption  coefficient  and 
in  dry  absorption  is  the  error  due  to  uncertain- 
ties in  molecular  absorption  equations.   If 
theoretical  and  experimental  developments  would 
lead  to  substantial  improvement  of  these  calcu- 
lations, then  a  large  improvement  would  be  ob- 
tained in  the  accuracy  of  deriving  water  vapor 
V  during  clear  and  moderately  cloudy  skies.  To 
show  this,  we  repeated  our  calculations  with 
conditions  identical  to  those  used  in  calculat- 
ing Fig.  1,  except  that  uncertainties  in  path- 
averaged  gaseous  absorption  were  from  profile 
variation  only,  molecular  absorption  equations 
being  assumed  exact.  The  results  are  shown  in 
Fig.  2.  Note  that  the  two  water  channels 
yield  roughly  the  same  accuracy  for  clear  condi- 
tions, with  the  22.235  GHz  channel  exhibiting  a 
clear  superiority  during  cloudy  conditions. 
As  is  evident  by  comparison  with  Fig.  1,  a  large 
reduction  in  error  in  V  occurs  when  the  molecular 
component  of  absorption  error  is  eliminated. 

An  important  factor  in  correcting  V 

for  clouds  whose  31  GHz  attenuation  is  greater 

than  'v  1  dB  is  the  average  cloud  temperature. 

Curves  of  Fig.  3,  calculated  assuming  no  error 

in  molecular  constants,  show  this  accuracy  for 

various  standard  deviations  of  cloud  temperature 

6T  .  Thus,  for  example,  a  standard  deviation 

of  1.5  mm  in  V  could  arise  from  a  cloud  whose 

attenuation  is  0.9  dB  and  whose  temperature 

uncertainty  is  7.4  K  or  from  one  whose  attenuation 

is  2.5  dB  but  whose  6T  is  1  K.   Similar  calcu- 
c 

lations  investigating  the  sensitivity  to  noise 
levels  in  the  measurement  system  indicate  that 
the  accuracy  in  V  does  not  degrade  seriously 
until  the  brightness  temperature  error  exceeds 
1  K. 

4.        CONCLUDING  REMARKS 

Calculations  indicate  that,  when  the 
31  GHz  cloud  attenuation  is  less  than  3  dB,  a 
dual  frequency  ground-based  radiometric  system 
can  provide  useful  measurements  (usually  within 
15%)  of  integrated  water  vapor  and  cloud  liquid 
water.  These  calculations,  coupled  with  avail- 
able attenuation  statistics,  imply  that  such  a 
system  could  operate  98  -  99%  of  the  time  for 
many  locations. 
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Figure  3.     Errors  in  the  determination  of  preci- 
pitable  water  for  different  uncertainties  in 
cloud  temperature. 


We  have  recently  constructed  a  dual- 
channel  system  at  20.6  and  31.65  GHz.  The  system 
is  now  undergoing  performance  tests.  Current 
plans  include  the  initial  operation  of  the 
system  at  Stapleton  International  Airport, 
Denver,  Colorado,  for  about  6  months  in  1978. 
Later,  the  system  will  be  taken  to  a  more  humid 
location  for  further  tests  and  evaluation. 
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II. 1  ) 


1.  Introduction 

Our  understanding  of  turbulent  flow  is 
limited  not  only  by  the  intractability  of 
the  governing  equations,  which  have  defied 
several  generations  of  researchers,  but  also 
by  the  difficulties  involved  in  making  the 
accurate,  detailed  measurements  of  turbu-° 
lence  structure  necessary  to  shed  light  on 
the  underlying  physics.   In  spite  of  these 
formidable  obstacles,  turbulence  research 
proceeds,  and  in  this  brief  review  we  dis- 
cuss some  recent  advances  which  have  in- 
creased (or  promise  to  increase)  our  under- 
standing of  turbulence. 

Virtually  every  portion  of  the  atmos- 
phere is,  at  one  time  or  another,  turbulent. 
The  general  circulation  of  the  atmosphere  is 
often  treated  as  two-dimensional  (2-D)  turbu- 
lence, but  2-D  turbulence  is  dynamically 
quite  different  from  the  3-D  variety,  as  dis- 
cussed by  Tennek.es  (1978).   We  will  cover 
only  the  3-D  variety  here;  this  is  the  type 
of  turbulence  found  continuously  in  the 
planetary  boundary  layer  (PBL),  where  it 
transfers  heat,  momentum,  and  moisture  be- 
tween the  surface  and  the  free  atmosphere 
and  causes  a  variety  of  other  effects  which 
impact  on  society.   The  PBL  is  a  rich  turbu- 
lence research  medium,  and  many  of  the  ad- 
vances cited  here  stem  from  studies  of  the 
PBL. 

2.  Advances  through  computation 

Large,  fast  digital  computers  have 
created  new  opportunities  in  turbulence  re- 
search.  Calculations  which  were  out  of  the 
question  only  20  years  ago  can  now  be  cheap- 
ly done.   These  can  be  separated  naturally 
into  three  general  types,  which  we  now 
consider  in  turn. 

a)   Numerical  solutions  of  Navier-Stokes 
equations 


Turbulence  is  inherently  three  dimension- 
al with  complex  spatial  structure;  its  basic 
nonlinearity  couples  dynamically  all  its 
scales  of  motion,  from  the  largest,  energy- 
containing  eddies  to  the  smallest,  dissipative 
ones.   Thus  any  direct,  numerical  solution  of 
the  Navier-Stokes  (N-S)  equations  must  be  3-D 
and  must  resolve  the  entire  scale  range. 
While  scientific  computers  have  increased 
dramatically  in  size  and  speed  over  the  past 
20  years,  they  remain  hopelessly  inadequate 
for  the  task  of  calculating  3-D  geophysical 
turbulence  directly. 

Nevertheless,  there  is  continuing  inter- 
est in  3-D  numerical  solutions  of  the  N-S 
equations,  since  they  do  reveal  structure  in- 
accessible in  other  ways.   One  of  the  largest, 
fastest,  and  newest  machines,  the  CRAY-1  at 
NCAR  in  Boulder,  Colorado,  is  now  being  pro- 
grammed for  numerical  solution  of  the  N-S 
equations  on  a  (64) 3  grid  in  wavenumber  space; 
(128) 3  calculations  seem  feasible  within  a  few 
years.   These  calculations  are,  within  numeri- 
cal approximations  and  certain  idealizations 
involving  forcing  and  boundary  conditions, 
exact;  they  use  none  of  the  closure  approxima- 
tions needed  in  other  calculation  schemes. 
Their  limitation  is  simply  their  low  ratio  of 
energy-containing  to  dissipative  range  scale 
sizes;  in  other  words,  their  low  turbulence 
Reynolds  number  Re.   For  turbulent  flows  in 
general  the  ratio  of  the  largest  (^£)  and 
smallest  (V|)  scale  sizes  goes  as  (Tennekes 
and  Lumley,  1972)  2,/n  ^  (q£/v)3/"  %  Re3/", 
which  indicates  that  the  CRAY-1  computations 
will  have  very  small  Re  values  by  geophysical 
standards  (in  a  typical  convective  PBL, 
qM  m/s,  8/\>200  m,  ReM.07). 

Thus  while  we  can  never  hope  to  do  "exact" 
calculations  of  large  Reynolds  number  geophys- 
ical turbulence,  such  calculations  do  provide 
a  rich  source  of  turbulence  information  una- 
vailable in  any  other  way.   Further,  since  the 
large-scale  structure  of  turbulent  flows  is 
thought  to  be,  to  a  good  approximation, 
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independent  of  the  value  of  Re  (providing  Re 
is  sufficiently  large)  these  direct  calcula- 
tions might  some  day  provide  insight  into 
geophysical  turbulence  structure  through 
simulations  at  lower,  accessible  Re  values. 

b)   3-D  (large  eddy)  calculations 

Clearly  any  numerical  simulation  of  PBL 
turbulence  based  on  the  governing  equations 
must  involve  some  compromises,  since  comput- 
er limitations  will  not  allow  all  the  dynam- 
ically essential  scales  to  be  calculated. 
One  attractive  compromise  is  to  calculate 
explicitly  the  3-D,  time-dependent  structure 
of  only  the  largest  eddies;  i.e.,  to  use  the 
available  grid  starting  from  the  large-scale 
end.   Such  calculations  are  no  longer  "exact", 
of  course,  since  the  unresolvable,  sub-grid 
scale  eddies  must  be  parameterized;  their 
average  effect  is  to  extract  energy  from  the 
resolvable  eddies. 

The  pioneering  work  here  in  PBL  appli- 
cations has  been  done  by  Deardorff;  his  ap- 
proach is  summarized  in  his  1973  article, 
which  also  includes  many  additional  refer- 
ences.  This  approach  continues  to  find  ap- 
plications to  lower  atmospheric  flows. 
Sommeria  (1976)  has  extended  Deardorff's  con- 
vective  PBL  simulations  to  include  moist 
processes  with  condensation  (cloud  forma- 
tion), infrared  radiative  cooling,  and  flow 
disturbances  from  large-scale  effects.   As 
another  example,  Klemp  and  Wilhelmson  (1978) 
have  used  a  3-D  model  to  study  convective 
storm  dynamics  in  a  24  km  *  24  km  (horizon- 
tal) *  10  km  (vertical)  volume. 

Such  studies  have  given  valuable  in- 
sight into  the  gross  structure  and  dynamics 
of  important  tropospheric  flows.   Unfortu- 
nately, however,  it  is  generally  not  clear 
to  what  extent  one  can  trust  the  details  of 
the  calculated  structure,  since  parameteri- 
zations  of  uncertain  validity  are  used  in 
the  models.   Broadly  speaking,  the  closure 
parameterizations  become  less  important  as 
A/8,  becomes  smaller,  where  A  is  a  character- 
istic grid  scale.   In  Deardorff's  PBL  calcu- 
lations A  was  of  the  order  of  50  m,  which 
made  A/2,  small  in  mid-regions;  most  of  the 
turbulent  kinetic  energy  and  fluxes  were 
carried  by  the  directly-resolved,  large- 
scale  eddy  motion.   Often,  however,  this  A/t 
restriction  is  not  met,  particularly  when  a 
large  flow  volume  is  needed;  in  such  cases 
the  detrimental  influences  of  inadequate 
sub-grid  scale  parameterizations  are 
probably  stronger. 

The  3-D  modeling  efforts  at  Stanford  by 
Reynolds  and  colleagues,  while  not  concerned 
specifically  with  atmospheric  turbulence, 
are  particularly  interesting.   Their  work  is 


touched  on  briefly  in  the  survey  paper  by 
Reynolds  (1976)  and  covered  in  more  detail  by 
Mansour  et  al.    (1977)  and  Ferziger  et  at. 
(1977).   They  have  paid  much  attention  to  the 
formal  details  of  the  decomposition  into  re- 
solvable and  sub-grid  scale  components,  have 
used  various  mathematical  filters  to  effect 
this  separation,  and  have  found  that  certain 
filters  allow  some  of  the  inertial  transfer 
to  smaller  eddies  to  be  resolved  explicitly 
(see  Leonard,  1974). 

The  parameterizations  in  3-D  turbulence 
models  are  attempts  to  express  the  sub-grid 
scale  effects  in  terms  of  the  resolvable- 
scale  field.   This  parameterization  problem 
differs  from  the  usual  variety  in  that  here 
one  is  dealing  with  instantaneous,  random  sub- 
grid  effects;  one  seeks  to  express  them  in 
terms  of  the  (also  random)  resolved  motion. 
Even  if  an  eddy  viscosity  relationship  is 
valid  on  the  average,  there  seems  no  guarantee 
that  it  will  hold  locally  in  space  and  time. 
This  question  is  also  the  subject  of  current 
research . 

c)   Second-order  closure 

While  the  equations  governing  the  evolu- 
tion of  second-order,  single-point  moments 
have  been  known  since  the  time  of  Osborne 
Reynolds,  they  were  evidently  not  examined  in 
detail  again  until  the  work  of  Chou  (1945). 
Attempts  to  solve  them  numerically  have 
followed,  and  in  recent  years  they  have  come 
into  increasingly  wide  use  in  applications 
ranging  from  engineering  to  geophysical  flow 
research.   Since  this  field  is  evolving  rapid- 
ly and  our  space  here  is  limited,  we  will  cite 
only  certain  advances  and  some  remaining  chal- 
lenges. 

In  second-order  modeling  one  attempts  to 
establish  equations  for  the  Reynolds  terms 
which  result  from  averaging  of  the  flow  equa- 
tions.  Traditionally  ensemble   averaging  has 
been  used,  but  recently  second-order  closure 
has  also  been  introduced  into  3-D  calculations 
which  use  srid-volune   averaging.   There  are  so 
many  contemporary  approaches  to  establishing 
these  turbulence  "constitutive  equations"  that 
any  comprehensive  classification  and  discus- 
sion of  them  is  itself  an  advance.   Thus  we 
mention  the  recent  survey  paper  by  W.C.  Rey- 
nolds (1976)  which,  although  restricted  to 
shear-driven  turbulence,  is  the  most  complete 
and  up-to-date  survey  of  second-order  models. 

Uniortunately,  most  second-order  model 
development  is  not  rooted  as  deeply  in  turbu- 
lence physics  as  one  would  wish;  in  fact,  many 
model  parameterizations  have  no  detectable 
roots  at  all.   This  situation  is  perhaps  inev- 
itable, because  in  developing  a  second  order 
model  one  confronts  the  turbulence  closure 
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problem,  a  problem  often  called  one  of  the 
most  difficult  in  all  of  physics. 

The  model  development  efforts  of 
Lumley  and  colleagues  stand  in  contrast  to 
most  others.   His  recent  paper  (1978)  is 
the  most  significant  attempt  to  date  to  pro- 
vide a  physical  basis  for  the  necessary 
parameterizations.   This  paper,  in  itself, 
represents  a  remarkable  advance  in  the 
field  of  second-order  modeling. 

Because  of  the  Reynolds  and  Lumley 
papers,  we  will  not  discuss  in  any  detail 
any  of  the  contemporary  versions  of  second- 
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where   q   =  (u^u^)   and  repeated  indices  are 
summed.   This  has  certain  appealing  symmetry 
properties,  but  little  theoretical  justifica- 
tion; in  addition,  it  has  been  found  to  be 
incorrect  in  buoyancy-driven  turbulence 
(Wyngaard,  1973). 

Lumiey  and  colleagues  were  the  first 


second-order  modelers  to  suggest  an  alterna- 
order  models,  or  the  physical  bases  (or  lack  tive  to  (1)  for  transport  modeling.   They 
of  them)  for  their  parameterizations;  their   considered  the  rate  equations  for  the  third 


papers  cover  these  areas  remarkably  well. 
Rather,  we  will  touch  on  some  of  the  high- 
lights of  second-order  modeling  as  it  ap- 
plies to  the  PBL,  and  on  recent  advances  in 
our  understanding  of  PBL  structure  and  its 
impact  on  the  models. 

Numerous  journal  articles  concerning 
the  application  of  second-order  models  to 
lower  atmospheric  structure  have  appeared 
in  the  past  few  years,  and  in  a  broad  sense 
the  bulk  of  these  represent  advances  over 
the  traditional  eddy-dif f usivity  approach. 
In  fact,  many  of  the  models  essentially  al- 
low the  eddy  diffusivity  to  be  calculated 
from  the  flow  structure  as  it  evolves.  This 
has  been  one  of  the  benefits  of  second-or- 
der modeling:   it  has  provided  a  systemat- 
ic means  of  determining  eddy  dif fusivities. 
This  is  not  to  say  these  eddy  diffusivity 
predictions  are  always  correct,  or  even 
always  useful;  but  they  are  often   useful, 
and  remain  about  the  only  way  to  proceed, 
short  of  prescribing  eddy  diffusivity  or 
mixing  length  distributions  at  the  outset, 
a  perilous  undertaking. 

A  second  major  benefit  of  second-order 
modeling,  from  a  research  point  of  view,  is 
that  it  has  highlighted  and  reinforced  the 
traditional  role  of  experimental  work  in 
advancing  our  fundamental  knowledge  of  tur- 
bulent flow.   Second  order  models  need  clo- 
sure parameterizations;  these  have  been,  in 
many  cases,  tested,  refuted,  and  reformu- 
lated through  analysis  of  turbulence  data 
from  the  PBL  and  other  flows. 

We  can  illustrate  this  process  by  con- 
sidering some  of  the  history  of  the  parame- 
terization of  turbulent  transport — i.e.,  the 
divergence  of  the  turbulent  second  moment 
flux.   In  the  equation  for   3u^  u£/3t,  for 
example,  the  turbulent  transport  term  is 
9TJ^uTTn"/3xj .   Traditionally  (and  even  today 
in  shear-flow  applications)  this  is  parame- 
terized with  a  gradient-diffusion  model  of 
the  type 


moments  involved  in  transport,  and  showed 
that  the  direct  effects  of  buoyancy  in  these 
equations  made  relations  such  as  (1),  which 
are  often  approximately  true  in  shear  flows, 
invalid  in  convective  turbulence.    Zeman  and 
Lumley  (1976)  have  used  this  approach — i.e., 
carrying  third-moment  equations  for  convective 
turbulence — and  have  obtained  the  most  realis- 
tic model  simulation  to  date  of  the  convective 
PBL.   Further  developments  along  these  lines 
are  presented  by  Lumley  et  at.    (1978). 

Experimentalists,  having  pointed  out  that 
gradient  diffusion  models  such  as  (1)  do  not 
hold  in  convective  turbulence,  have  now  seen 
theoreticians  develop  yet  more  complicated 
parameterizations;  these  are  capable  of  being 
tuned  to  fit  the  observations,  but  at  the  same 
time  they  introduce  more  unknown  physics.   We 
can  expect  this  evolutionary  process  to  con- 
tinue, with  experimentalists  in  turn  studying 
new  details  of  buoyant  transport.   This  proc- 
ess is  the  traditional  one  in  turbulence  re- 
search, and  judging  from  past  history  should 
gradually  give  improved  understanding  and 
better  models. 

We  do  not  imply  that  PBL  turbulence 
measurements  alone  can  provide  the  data  source 
necessary  for  formulating  improved  understand- 
ing of  second-order  modeling.   Rather,  it  is 
clear  that  well-designed  laboratory  experi- 
ments can  be  extremely  useful,  particularly 
for  the  second  major  type  of  parameteriza- 
tions needed,  those  for  the  fluctuating  pres- 
sure covariances.   Lumley' s  (1978)  paper  gives 
the  state  of  understanding  of  these  covari- 
ances and  their  parameterization,  which  seems 
an  even  more  difficult  task  than  transport 
parameterization. 

Recent  measurements  support  the  conclu- 
sion from  the  1968  Kansas  experiments  (Wyn- 
gaard &  Cote,  1971)  that  the  turbulence  energy 
budget  in  the  unstable  surface  layer  of  the 
atmosphere  receives  a  substantial  gain  from 
the  pressure  transport  term   3(pw/p)3z.   Some 
of  these  new  data  are  direct  measurements  of 
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the  fluctuating  pressure  field  (McBean  & 
Elliott,  1975),  and  others  allow  inferences 
from  the  imbalance  of  the  other  measured  en- 
ergy budget  terms;  together,  they  support 
the  conclusion  that  the  "pressure  transport" 
term  is  not  negligible,  as  previously  widely 
supposed  and  as  often  true  in  shear  flows. 
These  findings  of  important  pressure  trans- 
port effects  provide  a  further  challenge 
for  second-order  modelers. 

Possibly  even  more  difficult  than 
pressure  covariance  parameterization  is  the 
problem  of  dealing  with  the  molecular  terms 
in  the  second  moment  equations.   Under  the 
local  isotropy  hypothesis,  these  occur  as 
dissipative  (sink)  terms  in  the  component 
turbulent  energy  equations,  and  in  the  sca- 
lar variance  and  scalar  covariance  equa- 
tions, but  are  negligible  elsewhere.  Lumley 
(1978)  has  summarized  our  understanding  of 
the  physics  of  dissipation  maintenance 
equations,  pointing  out  that  we  know  less 
about  these  than  any  other  equations 
encountered  in  second  order  modeling. 

We  can  look  forward  to  the  possibility 
that  carefully  done  3-D  simulations  will 
supplement  direct  measurements  in  providing 
the  sort  of  turbulence  information  needed 
to  test  and  refine  second-order  models.  The 
possibilities  here  are  intriguing;  a  well- 
done,  fine-mesh  3-D  simulation  could  re- 
solve explicitly  most  of  the  transport  and 
pressure  covariance  statistics,  for  exam- 
ple.  These  are  quantities  which  are  diffi- 
cult or  (in  the  case  of  pressure  statis- 
tics) all  but  impossible  to  measure.  There 
is  also  the  possibility  that  3-D  calcula- 
tions, by  varying  the  mesh  size,  could  be 
used  to  test  and  refine  their  own  sub-grid 
scale  parameterizat ions . 

Second-order  models,  as  ordinarily 
formulated,  can  at  times  produce  unphysi- 
cal  behavior  such  as  negative  variances 
and,  in  diffusion  applications,  negative 
concentrations;  they  can  also  violate 
Schwartz's  inequality  by  producing  correla- 
tion coefficients  larger  than  one  in  magni- 
tude.  This  is  called  the  "realizability" 
problem,  and  as  discussed  by  Schumann 
(1976)  can  be  interpreted  in  terms  of  the 
physics  of  second-moment  maintenance. 
Schumann  derives  some  constraints  on  Rey- 
nolds stress  models  which  insure  realiza- 
bility, and  these  are  extended  and  gener- 
alized by  Lumley  (1978) . 

Deardorff  (1978)  has  pointed  out  some 
disturbing  properties  of  second  and  third- 
order  model  solutions  of  diffusion  from  an 
instantaneous  source  in  homogeneous  turbu- 
lence. This  is  a  problem  whose  solution  is 
well-established,  but  Deardorff  found  that 
contemporary  second-order  model  results 


were  inaccurate  in  some  respects.  Deardorff 
was  able  to  deduce  how  the  transport  parame- 
terizations,  for  example,  should  behave  in  or- 
der to  achieve  proper  predictions,  and  it  is 
interesting  that  Lumley1 s  (1978)  thinking  was 
independently  evolving  in  the  same  direction 
on  the  basis  of  different  considerations. 

3.   Advances  through  experiment 

Pressure  fluctuations,  and  their  covari- 
ance with  vertical  velocity,  have  been  meas- 
ured in  the  surface  layer  by  McBean  and  Elliott 
(1975).   Earlier,  others  have  measured  pressure 
fluctuations  over  water  waves.   There  are  un- 
answered questions  concerning  the  performance 
of  pressure  sensors  of  the  type  used  (special- 
ly-shaped bodies  with  pressure  ports  carefully 
located  on  the  surface)  but  these  are  first 
steps  toward  a  very  important  goal  in  turbu- 
lence research.   The  ability  to  measure  pres- 
sure fluctuations  accurately  within  a  turbu- 
lent flow,  with  adequate  spatial  and  temporal 
resolution  in  a  device  suitable  for  tower  or 
aircraft  use,  would  be  a  tremendous  experi- 
mental advance.   It  would  make  possible,  for 
example,  measurement  of  the  all-important 
pressure  covariance  terms  in  the  turbulence 
second-moment  equations  and  thus  could  provide 
a  greatly  broadened  data  base  for  second-order 
model  development. 

Experimental  activity  in  the  area  of 
turbulent  fine  structure  seems  to  have  de- 
creased somewhat  since  the  flurry  of  efforts 
from  the  mid  1960*s  to  early  1970' s.   Much  of 
that  work  was  stimulated  by  refinements  in 
Kolmogorov's  original  hypotheses  about  the 
fine  structure  of  large  Reynolds  number  turbu- 
lence, and  in  particular  by  some  new  hypothe- 
ses about  the  effects  of  intermittency  on  the 
statistical  properties  of  these  smallest-scale 
motions.   Experimental  work  in  this  area  has 
been  impeded  somewhat  by  recent  discoveries 
of  heretofore  unexpected  sensor  problems,  in- 
cluding salt  spray  effects  on  fine-scale  tem- 
perature sensors  operated  in  a  marine  environ- 
ment, and  the  mutual  contamination  of  tempera- 
ture and  velocity  signals  at  high  frequencies. 
Nonetheless  new  findings  have  emerged,  includ- 
ing persistent  evidence  (which  has  yet  to  be 
reconciled  with  prevailing  hypotheses  about 
turbulent  fine  structure)  of  anisotropic 
scalar  fine  structure  (temperature  derivative 
skewness)  in  a  variety  of  large  Reynolds  num- 
ber flows  (Mestayer  et  al.,    1976).   Some  very 
detailed  studies  of  the  fine  structure  of  the 
velocity  field  in  the  dissipative  range  were 
interpreted  in  the  context  of  the  original 
and  refined  Kolmogorov  hypotheses  by  Champagne 
(1978). 

Most  research-quality  PBL  turbulence  data 
continues  to  be  obtained  from  conventional 
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sensors  mounted  either  on  towers,  balloon 
cables,  or  aircraft.   While  there  are 
concerns  that  fixed-point  sensors  in  PBL 
flow  can  require  excessively  long  averaging 
times  for  sufficiently  stable  statistics 
(Wyngaard,  1973),  towers  in  particular 
remain  the  best  platforms  available  for  a 
wide  range  of  turbulence  research  objec- 
tives.  The  300  m  tower  at  the  Boulder 
Atmospheric  Observatory,  described  in  some 
detail  in  the  companion  article  by  Hooke, 
is  a  new  facility  providing  research- 
quality  PBL  turbulence  data  and  is  now 
open  to  outside  users. 
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1 .        INTRODUCTION 

One  of  the  problems  in  designing  an 
operational  radar  to  measure  winds  in  the  clear 
air  is  the  lack  of  a  data  base  on  the  expected 
signal  strength  of  the  return.  This  paper  de- 
scribes some  preliminary  results  of  an  experi- 
mental program  to  determine  statistics  of  clear 
air  radar  return  in  the  boundary  layer. 


The  particular  processing  scheme  is 
described  in  Chadwick  et  al.  (1976a)  and  some 
examples  of  wind  measurements  are  given  in 
Chadwick  et  al.  (1976b).  Values  of  pertinent 
radar  parameters  are  given  in  Table  I. 


Table  I.     FM-CW  Radar  Paramteve 


The  return  signal  for  a  monostatic 
radar  using  refractive- index  fluctuations  as 
the  backscattering  mechanism  is  directly  propor- 

2 
tional  to  C  .  the  structure  constant  for  radio 

n 

refractive  index.  This  quantity  varies  greatly 

in  the  boundary  layer.  An  in-situ  sensor  on 

an  aircraft  routinely  measures  a  20  dB  variation 

2 
in  C  in  a  short  period  (minutes)  and  a  40  dB 

n 

variation  over  a  longer  period  (days)  (Lawrence, 

2 
1976).  Using  radar  measurements  of  C  ,  in  the 

Boulder,  Colorado  area,  we  have  measured  a  varia- 
tion of  63  dB  over  longer  periods.  These  kinds 
of  variation  make  it  clear  that  specifying  the 
required  sensitivity  of  an  operational  clear  air 
radar  is  not  simple  and  depends  on  user  needs. 

The  large  scale  spatial  variation  of 
C  further  complicates  the  matter  of  selecting 

the  sensitivity  of  a  clear  air  radar.  This  large 

scale  variation  depends  on  the  types  of  air 

masses  occupying  a  particular  geographic  area. 

2 
The  characteristics  of  C  for  different  types 

of  air  masses  has  been  studied  by  Gossard  (1976) . 

2  2 
He  gives  values  of  the  radio  C  /C_  for  many 

different  air  masses  and  different  locations. 

2 
Mean  values  of  C_  can  be  obtained  from  a  variety 

of  sources,  e.g.,  Ochs  and  Lawrence  (1972). 

2 

These  allow  a  rough  extrapolation  of  the  C 

measurements  given  in  this  paper  to  other  geo- 
graphical areas. 


2. 


EXPERIMENTAL  PROCEDURE 


The  radar  used  to  collect  the  data 
presented  is  an  FM-CW  radar  that  can  measure 
Doppler  shift  and  hence  radial  velocity.  Be- 
cause the  radar  measures  a  velocity  spectrum, 
it  can  separate  the  clear-air  returns  from  ground 
returns  and  from  the  noise  baseline.  The  return 
power  is  then  related  to  the  area  under  the  velo- 

2 
city  spectrum  and  from  this  area  the  C  estimate 

can  be  obtained. 


Power 

Beamwidth 

Range  cell 

Velocity  cell 

Wavelength 

Az  scan  rate 

El  scan  rate 

Number  of  range  cells 

Coherent  averaging  time 

Incoherent  averaging  time 


200  W 
2.8° 
160  m 
.30  m/s 
10  cm 
3°/s 
0.75°/s 
9 

0.15  s 
51  s 


A  new  estimate  of  the  velocity  spectrum  for  each 
range  cell  is  obtained  every  coherent  averag- 
ing period.  These  estimates  are  exponentially 
weighted  in  time  and  averaged  with  a  time  con- 
stant of  51  sec  and  the  data  recorded  on  magnetic 
tape  every  60  sec.  This  record  of  data  consists 
of  500  points.  Each  velocity  spectrum  consists  of 
50  points  and  there  are  9  spectra,  one  for  each 
range  cell.  The  first  cell  (0-80  m)  is  not  used. 

Data  are  acquired  continuously  in  an 
unattended  mode  of  operation.  The  radar  can 
be  controlled  and  checked  remotely  by  phone 
lines.  Over  phone  lines,  we  can:  start  and  stop 
the  magnetic  tape,  rewind  the  tape,  access 
earlier  data  on  that  tape,  calculate  statistics 
for  the  individual  records,  measure  transmitted 
power,  check  antenna  direction,  and  move  the 
antenna  to  a  new  direction.  Under  normal  con- 
ditions, we  need  only  to  visit  the  radar  every 
8  days  to  change  tapes. 


3. 


CALIBRATION  FOR  C*  MEASUREMENTS 
n 


We  considered  antenna  and  electronics 
calibrations.  Since  the  antenna  calibration  for 
a  two  antenna  system  such  as  ours  is  not  a 
standard  procedure,  it  will  be  covered  in  greater 
detail  than  the  electronics  calibration. 


100 
125 


Our  radar  uses  two  antennas,  trans- 
mitting continuously  from  one  and  receiving 
continuously  on  the  other.  Suppose  the  antenna 
centers  are  separated  by  a  distance  D,  and  the 
boresight  axes  are  parallel.  Figure  1  shows  that 
there  is  little  overlap  at  short  ranges,  but  this 
overlap  increases  at  greater  ranges.  We  need  to 
quantify  this  overlap  by  finding  a  function  of 
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Figure  2.     Range  weighting  function  due  to 
antenna  beam  overlap. 
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Figure  1.     Side-by-side  antenna  patterns. 


range,  F(R),  which  can  be  multiplied  by  the 
antenna  gain  to  give  the  effective  two-antenna 
gain.  The  overlap  can  be  found  by  multiplying 
and  integrating  the  two  antenna  patterns.  Using 
small  angle  approximations  in  Fig.  1,  we  see  that 


F(R)  =  §/ 


w  +  ^ 


V- 


K  -  £ 
2 


dK 


where  G..(0  and  G.(*)  are  the  antenna  patterns 

of  the  two  side-by-side  antennas.  The  term 
outside  the  integral  sign  is  necessary  to  ensure 
the  boundary  conditions,  i.e.,  F(R  ■*■  0)  =  0 
and  F(R  ■*  °°j  =  1.  Changing  the  variable  of  inte- 
gration and  evaluating  the  constant  gives  us 


F(R)  = 


/G^e  +  gf) 


G2(6  -  H_)d6 


/GjCe)  G2(6)de 


However,  it  is  clear  that  this  is  simply  the 
cross-correlation  between  the  two  antenna 
patterns.   If  the  two  patterns  are  the  same, 
this  becomes  the  autocorrelation  function, 
.?(•)>  of  the  antenna  pattern  G(6).  -~q(.')    is 

calculated  by  lagged  products.  So  the  effective 
antenna  pattern  for  our  measurements  is 


GE(6,R)  =  3G(|)  G(6)  . 

The  two  terms  making  up  this  effective  antenna 
pattern  are  shown  in  Fig.  2  and  3. 


Figure  3.     Measured  antenna  pattern. 


The  electronic  calibration  is  deter- 
mined by  taking  a  known  sample  of  the  trans- 
mitted signal,  attenuating  it  by  a  known  amount, 
delaying  it  in  a  10  us  electro-acoustic  delay 
line,  and  coupling  it  into  the  receiver.  The 
response  from  the  delay  line  represents  a  signal 
of  known  power  and  this  calibrates  the  portion 
of  the  receiver  after  the  point  at  which  the 
delayed  signal  is  coupled  in.  Since  this 
coupling  point  is  after  the  r-f  amplifier,  we 
must  know  the  gain  of  this  amplifier  to  complete 
the  calibration.  The  amplifier  was  kept  at  a 
constant  temperature  during  the  experiment  and 
the  gain  checked  periodically.  The  gain  varia- 
tions did  not  exceed  1.6  dB.  This  is  acceptable 
considering  the  large  variation  of  the  quantity 
being  measured. 

Once  the  antenna  and  electronic  cali- 
brations are  completed,  the  received  power  (the 
integral  of  the  output  velocity  spectrum)  can  be 

related  to  the  average  value  of  C  in  that  parti- 
cular range  cell.  The  derivation  of  the  equation 

2 
relating  the  receiver  output  to  C  is  straight- 
forward and  starts  with  a  slight  variation  of  the 
standard  meteorological  radar  equation.  If  P_  is 
the  transmitted  power  and  A  is  the  aperture 
effective  area,  the  return  power,  P  ,  from  a 

range  cell  i  at  range  R  with  radar  cross  section 

r,  is 


101 

126 


r  "        2 
r       4-nR 

where  the  units  are  all  MKS.  For  clear-air 
scattering  in  the  inertial  subrange  (Ottersten, 
1969) 


0.38  C2  X"1/3 
n 


where  X   is  the  wavelength  and  C  has  units  of 

-2/3  n 

m    .   If  we  designate  A  as  the  area  under  a 

clear  air  velocity  spectrum,  P  as  the  equivalent 

test  signal  power,  and  A  as  the  area  of  the 

test  signal  output,  it  is  obvious  that 


P  =  —  P 
r   A   T 
s 


Combining  these  equations  and  solving  for  C  , 
we  obtain 


2  =  8.43  ^r  ^s  RJ 


(meters) 


-2/3 


So,  given  an  output  clear-air  velocity  spectrum, 

2 
we  can  obtain  an  estimate  of  C  .  An  error  analy- 
sis has  not  been  performed,  but  the  rms  errors 
are  probably  in  the  range  of  2-3  dB. 


minute  estimates  of  C  fell  into  that  bin  every 

hour.  Figure  5  shows  another  histogram  obtained 

at  midnight.  Note  the  difference  in  the  change 

2  ? 

of  C  with  height.  Sometimes  the  C  values  are 
n  n 

greater  in  the  surface  layer  and  decrease  with 

height,  but  often  they  increase  with  height. 

This  is  perhaps  due  to  an  elevated  temperature 

inversion  that  is  unresolved  by  the  radar.  Both 

Fig.  4  and  5  were  obtained  such  that  no  storms 

occurred  within  24  hours  before  or  after  the 

data  were  taken. 
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4.        HISTOGRAMS  OF  C 

n 

At  the  time  of  this  writing  (November 

1977)  only  a  small  amount  of  data  has  been 

processed.  These  results  are  presented  as 

2 
histograms  on  a  logarithmic  scale  of  C  .  Each 

decade  of  C  values  is  broken  into  three  bins 
n 

of  equal  size  (on  a  log  scale)  and  a  histogram 

for  each  range  bin  constructed  for  each  hour  of 

data.  Figure  4  shows  such  a  histogram  obtained 

about  sundown  under  clear  sky  conditions.  The 

numbers  shown  indicate  how  many  of  the  one 
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2 
Figure  4.     Range  ordered  C    histograms. 


Figure  5.     Range  ordered  <f  histograms. 


Diurnal  variations  in  C  can  be  seen  in 

2     n 
Fig.  6,  a  time  history  of  C  histograms  at  a 

height  of  1127  m.  Our  results  indicate  that 
there  is  extensive  diurnal  variation,  however  we 
have  not  been  able  to  establish  this  variation 
from  the  limited  amount  of  data  we  have  processed. 

The  upper  sides  of  the  histograms  are 
due  to  large  returns  from  insects.  Such  returns 
generally  have  a  different  character  when  viewed 
on  an  A-scope.  So  we  are  well  aware  that  there 
are  many  insects  in  Colorado.  However,  we  are 
confident  that  the  lower  portions  of  the  histo- 

2 
grams  are  valid  estimates  of  C  . 


5. 


CONCLUSIONS 


Since  we  have  not  yet  processed  all 

of  the  data,  it  is  difficult  to  make  general 

2 
conclusions  on  C  .  However,  based  on  a  year's 

operating  experience,  we  can  present  conclusions 

on  radar  performance.  These  are:   1)  winds 

can  always  be  measured  to  several  hundred  meters; 

2)  during  the  summer,  winds  can  usually  be  mea- 

2 
sured  to  heights  exceeding  1.6  km;  3)  C  values 

at  heights  up  to  1.6  km  seem  to  be  positively 
correlated  with  surface  wind  speed. 
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Negative  Power  of  ten  in  C"  value 
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MEASUREMENTS  SHOWING  THE  FEASIBILITY  FOR  RADAR 
DETECTION  OF  HAZARDOUS  WIND  SHEAR  AT  AIRPORTS 


R.  B.  Chadwick,  K.  P.  Moran,  G.  E.  Morrison,  W.  C.  Campbell 


Measurements  of  the  strength  of  clear-air  backscattered  power  for 
a  10  cm  radar  were  made  over  a  12  month  period  in  Colorado.  The  main 
conclusion  is  that  radar  offers  a  viable  option  for  warning  of  hazard- 
ous low-level  wind  shear  at  airports.  There  were  161  days  of  operation 
and  diurnal  and  seasonal  trends  of  the  return  are  identified.  It  is 
shown  that  the  back-scattered  power  can  be  considered  as  a  single  para- 
meter log-normal  random  variable.  The  problems  encountered  in  low  ele- 
vation angle  operation  are  discussed  and  one  solution,  a  clutter  sup- 
pression system  is  presented. 
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Neutral  Atmospheric  Motions  Manifested  in  Radar  Echo  Doppler  Shifts 
From  Two-Stream  Irregularities  in  the  Equatorial  Electrojet 

Robert  Cohen1 

Aeronomy  Laboratory,  Environmental  Research  Laboratories,  National  Oceanic  and  Atmospheric  Administration 

Boulder.  Colorado  80302 

William  H.  Hooke 

Wave  Propagation  Laboratory,  Environmental  Research  Laboratories,  National  Oceanic  and  Atmospheric  Administration 

Boulder.  Colorado  80302 

Theoretical  expressions  are  derived  describing  the  effect  of  neutral  atmospheric  motions  (prevailing 
winds,  gravity  waves,  and  tides)  on  observed  propagation  velocities  of  type  I  ionospheric  irregularities  in 
the  equatorial  electrojet.  The  theory  takes  account  of  two  ways  in  which  the  neutral  motions  may 
influence  the  observed  plasma  wave  phase  velocities — directly,  through  their  influence  on  the  ion  motion, 
relative  to  which  the  plasma  waves  propagate,  and  indirectly,  through  motion-associated  temperature 
perturbations  which  affect  the  ion  acoustic  velocity.  The  theoretical  results  together  with  what  little 
independent  information  is  available  on  neutral  motions  within  the  equatorial  electrojet  suggest  that  they 
should  produce  variations  in  the  observed  plasma  wave  phase  velocities  of  the  order  of  several  percent. 
Results  are  shown  to  be  consistent  with  variations  in  the  plasma  phase  velocity  observed  at  Jicamarca, 
Peru. 


1.    Introduction 

The  equatorial  E  region  occupies  a  unique  place  in  iono- 
spheric physics  because  global  electric  fields  associated  with 
the  atmospheric  dynamo  combine  with  the  horizontal  mag- 
netic field  there  to  produce  an  especially  strong  electric  cur- 
rent, which  has  been  given  the  name  of  the  equatorial  elec- 
trojet. Some  30%  of  the  time  (the  major  exception,  of  course, 
being  the  periods  each  day  near  sunrise  and  sunset  when  the 
equatorial  electrojet  reverses  direction)  the  drift  velocity  vD  ■ 
v€  -  v,  of  the  electrons  relative  to  the  ions  is  sufficiently  great 
to  give  rise  to  two-stream  instability  generated  plasma  waves 
[Farley,  1963].  These  ionospheric  irregularities  scatter  VHF 
radio  waves  and  have  been  studied  by  this  means  for  a  number 
of  years  [Bowles  el  al.,  1960,  1963;  Cohen  el  al.  1962;  Cohen 
and  Bowles.  1963a,  b,  1967;  Balsley,  1965;  Cohen,  1973].  Bal- 
sley  [1969]  confirmed  a  suspicion  of  long  standing  that  in 
addition  to  plasma  waves  generated  by  the  two-stream  in- 
stability (hereafter  referred  to  as  type  1  irregularities)  the 
equatorial  electrojet  contained  another  type  of  plasma  wave 
motion  of  quite  different  character  (the  associated  irregular- 
ities are  hereafter  referred  to  as  type  2).  Balsley  pointed  out 
that  the  type  2  irregularities  displayed  properties  analogous 
to  turbulent  eddies  in  a  shear  flow;  Sato  [1968,  and  subsequent 
work]  and  others  have  interpreted  these  as  evidence  of  non- 
linear cross-field  instability.  Parallel  to  the  observational 
work  of  the  past  1 5  years  there  has  been  considerable  develop- 
ment of  the  theory  of  the  two  types  of  plasma  irregularities, 
in  both  their  linear  and  nonlinear  aspects,  by  a  number  of  re- 
searchers. Sato  [1973]  gives  many  of  the  pertinent  references. 
A  number  of  properties  distinguish  the  type  1  from  the  type  2 
irregularities,  but  the  two  that  are  most  pertinent  to  the  pres- 
ent work  can  be  characterized  briefly  (and  in  a  somewhat 
oversimplified  fashion)  as  follows: 


1  Currently  at  the  Ocean  Systems  Branch,  Division  of  Solar  Energy, 
Washington,  D.  C,  20545. 

This  paper  is  not  subject  to  U.S.  copyright.  Published  in  1978  by 
the  American  Geophysical  Union. 


1.  Type  1  irregularities  are  generated  only  when  the  com- 
ponent of  v„  in  the  direction  of  the  plasma  wave  propagation, 
i.e.,  (v0kp/£p),  where  kp  is  the  plasma  wave  vector  and  kp  is 
its  scalar  magnitude,  exceeds  a  certain  critical  value  vc.  For  the 
plasma  wave  numbers  of  interest  here,  vc  lies  just  above  the 
ion  acoustic  speed  vla,  defined  as  [K(T,  +  Te)/mi],n,  where  K  is 
Boltzmann's  constant,  T,  and  Te  are  the  ion  and  electron 
temperatures,  respectively,  and  mt  is  the  ion  mass.  (To  help  fix 
ideas,  vla  *  360  m  s1  in  the  equatorial  electrojet.)  By  contrast, 
type  2  irregularities  are  detected  at  all  values  of  vD  exceeding  a 
minimal  threshold,  ~30  m  s. 

2.  Once  they  are  generated,  type  1  irregularities  are  ob- 
served to  propagate  with  phase  speeds  vg  relative  to  the  ions 
that  have  constant  values  just  greater  than  vta,  independent  of 
the  magnitude  of  vD;  however,  type  2  irregularities  appear  to 
move  at  velocities  comparable  with  the  drift  velocity  v0  re- 
gardless of  its  value. 

Thus  a  major  goal  of  theoretical  development  over  the  years 
has  been  to  explain  the  observed  wave  phase  speeds  of  the  type 
I  irregularities,  revealed  by  Doppler  shifts  of  the  radar  echoes. 
In  particular,  theorists  have  attempted  to  answer  the  following 
questions: 

1.  Why  do  type  I  irregularities  propagating  over  a  wide 
range  of  angles  from  vertical  appear  nearly  simultaneously, 
when  linearized  theory  predicts  that  it  is  the  component  of  the 
drift  velocity  vD  in  the  direction  of  wave  propagation  that  must 
exceed  a  certain  critical  value? 

2.  Why  are  type  1  irregularities  observed  on  occasion  to 
propagate  vertically? 

3.  Why  does  vg  appear  to  be  independent  of  vD  for  values 
vD  >  vc,  when  linear  theory  predicts  that  vg  should  be  propor- 
tional to  vD  in  this  regime? 

4.  Why  are  the  Doppler  shifts  of  the  radar  echoes  from 
type  1  irregularities  observed  to  fluctuate  by  amounts  up  to 
10%  or  so  over  periods  ranging  between  several  minutes  and  a 
day  and  over  horizontal  distances  of  the  order  of  100  km? 

Farley  and  Balsley  [1973]  and  Sato  [1973]  attempt  to  resolve 
the  first  three  of  these  questions  in  the  following  way:  The 
regions  of  type  1  echo  returns  are  observed  to  be  patchy  rather 
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than  homogeneous,  reflecting  the  influence  of  the  large-scale 
(~2  km)  type  2  irregularities  on  vD  itself.  These  irregular 
motions  produce  local  variations  in  both  the  magnitude  of  vD 
and  the  angle  it  makes  with  the  horizontal,  so  that  the  radar 
views  a  mixture  of  type  I  irregularities,  some  growing  in  ampli- 
tude and  some  damped.  On  the  average  they  are  at  the  thresh- 
old of  growth  and  propagating  with  a  wave  phase  speed  (~vc) 
just  greater  than  vla  (as  the  linear  theory  predicts).  The  spread 
in  the  local  directions  of  vD  relative  to  the  vertical  produces 
corresponding  spread  in  the  angles  of  wave  propagation  rela- 
tive to  the  vertical.  These  authors  take  the  explanation  of  the 
fourth  question  to  lie  either  in  statistical  fluctuations  or  in  the 
effects  of  neutral  atmospheric  motions. 

This  latter  possibility  was  first  raised  by  W.  B.  Hanson 
(private  communication,  1966);  subsequently,  we  treated  the 
subject  orally  in  a  paper  presented  at  the  Seventh  International 
Association  of  Geomagnetism  and  Aeronomy  Symposium, 
held  in  St.  Gallen,  Switzerland,  in  1967.  The  idea  is  certainly 
not  lacking  in  intuitive  appeal,  but  hitherto  we  had  not  set 
down  in  writing  its  theoretical  basis,  and  it  now  seems  appro- 
priate and  desirable  to  do  so.  Specifically,  we  examine  theoreti- 
cally the  effects  on  the  type  1  radar  echo  Doppler  shifts  to  be 
expected  from  three  major  classes  of  neutral  atmospheric  mo- 
tions: (1 )  prevailing  winds,  (2)  atmospheric  gravity  waves,  and 
(3)  the  atmospheric  tides.  While  very  little  is  actually  known 
about  E  region  neutral  atmospheric  motions  at  equatorial 
latitudes,  we  can  extrapolate  from  what  is  known  from  obser- 
vations of  E  region  winds  at  temperate  latitudes,  from  obser- 
vations of  mesospheric  motions  at  the  equator,  and  from 
theoretical  estimates  of  amplitudes  at  the  equator  of  atmo- 
spheric gravity  waves  and  tides,  and  we  can  use  these  figures  to 
estimate  the  magnitude  of  the  type  1  radar  echo  Doppler  shifts 
to  be  produced  by  these  motions.  This  discussion  constitutes 
section  2.  In  section  3  we  present  observational  data  from 
power  spectra  of  50-MHz  radar  echoes  returned  from  type  1 
irregularities,  showing  temporal  and  spatial  Doppler  shift  vari- 
ations which  we  believe  can  be  interpreted  reasonably  as  re- 
vealing neutral  atmospheric  motions.  Section  4  contains  brief 
concluding  remarks. 

2.    Theory:  Neutral  Atmospheric  Motions  Manifested 
in  Type  1  Wave  Propagation  Velocities 


of  the  electrojet  ions  in  the  radar  scattering  volume.  At  the  E 
region  heights  in  question  the  ions  are  constrained  to  move 
with  the  velocity  vN  of  the  neutral  molecules  [e.g.,  Hines  et  ai, 
1965]. 

Thus  neutral  atmospheric  motions  influence  the  Doppler 
shift  of  type  I  radar  echoes  in  two  ways:  (1)  directly,  through 
the  motion  they  induce  in  the  ion  rest  frame  with  respect  to 
which  the  wave  phase  speed  vg  is  fixed,  and  (2)  indirectly, 
through  atmospheric  temperature  changes  associated  with  the 
neutral  atmospheric  motions.  Sato  [1975]  has  argued  that  in 
the  equatorial  region,  neutral  winds  produce  a  velocity  change 
in  both  the  ion  and  the  electron  velocity  equal  to  that  of  the 
neutral  wind  itself.  Whatever  physical  picture  one  adopts  does 
not  change  any  of  the  conclusions  which  follow,  however. 

While  little  is  known  about  neutral  atmospheric  winds  in  the 
equatorial  E  region,  if  we  extrapolate  from  the  considerable 
body  of  data  available  on  neutral  atmospheric  motions  in  the 
temperate  latitude  E  region,  we  can  conclude  that  the  influence 
of  these  motions  on  the  Doppler  shift  of  the  type  1  radar 
echoes  will  be  small.  Specifically,  if  we  write 


Vr  =  vM  +  uRl 


(2) 


where  vR0  is  the  unperturbed  value  of  the  type  I  irregularity 
phase  speed  observed  and  ufi,  represents  the  departure  pro- 
duced by  neutral  atmospheric  motions,  then 


Vri/Vro  «   1 


(3) 


In  an  analogous  manner  we  can  define  vg  =  vg„  +  u«,,  vla  =  v,a0 
+  Otau  etc.,  and  using  (1 )  and  (2),  we  can  now  write 


1d-1r 

v>">    Ti    rrv*> 


(4) 


where  ID  and  1R  are  unit  vectors  oriented  in  the  direction  of  vD 
and  the  radar  beam,  respectively  (the  observational  geometry 
is  shown  in  Figure  1 ).  Here  we  have  expressed  vRo  in  the  form 
shown  in  order  to  retain  the  sign  of  the  observed  wave  phase 
speed;  thus  for  vR  <  0,  wave  propagation  is  toward  the  radar, 
while  for  vR  >  0,  wave  propagation  is  away  from  it. 
The  neutral  atmospheric  motions  perturb  vR  by  an  amount 


As  was  mentioned  in  the  introduction,  type  1  irregularities 
are  found  to  propagate  in  relation  to  the  ambient  E  region  ions 
with  phase  speeds  ve  which  are  independent  of  the  magnitude 
of  vD  (as  long  as  vD  exceeds  vc),  as  was  established  by  a 
detailed  analysis  of  the  correlation  between  observed  two- 
stream  wave  phase  velocities  and  the  phase  velocities  of  type  2 
irregularities  [Cohen,  1973].  Although  the  theoretical  basis  for 
this  is  still  a  matter  of  some  uncertainty  [Farley  and  Balsley, 
1973;  Sato,  1973],  we  shall  accept  this  motion  as  given,  and 
write 

Vg  =  a(k„)vla  (1) 

where  a  is  a  constant  for  a  given  plasma  wave  wave  number  kp 
(for  the  wave  numbers  of  concern  here,  a  is  just  slightly  greater 
than  unity).  Thus  we  take  ve  to  be  proportional  to  vla,  so  that 
to  the  extent  that  neutral  atmospheric  motions  produce  associ- 
ated temperature  changes  those  changes  will  (weakly)  affect  vla 
and  hence  vg. 

Moreover,  vt  is  the  phase  speed  of  the  plasma  wave  relative 
to  the  ions.  The  observed  wave  phase  speed  vR  must  therefore 
include  a  contribution  arising  directly  from  the  mean  velocity 


"*■  =  Ti — TTat;«"  +  v"*,« 


(5) 


*N_P 


Fig.  I .  The  observational  geometry.  Here  the  plane  of  the  figure  is 
the  east-west  plane.  The  velocity  vectors  v0,  v„,  v«,  and  v„  are  the 
electron-ion  drift  yelocity,  the  neutral  velocity,  the  wave  phase  velocity 
relative  to  the  ions,  and  the  observed  radar  phase  velocity,  respec- 
tively. 
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where  the  subscript  1  on  the  vector  vN  has  been  dropped 
because  it  is  redundant;  by  definition,  vNa  =  0.  Carrying  our 
perturbation  treatment  one  step  further,  we  may  write 


as  was  pointed  out  by  Hines  [1965].  In  the  E  region,  ion 
temperatures  are  so  closely  tied  to  the  neutrals  that  it  is  valid 
to  take 


•>0~T      _L    T         '"VN'1«  (6) 


where  we  have  expressed  the  motion-induced  perturbations  of 
ve  in  terms  of  the  corresponding  perturbations  of  the  ion  and 
electron  temperatures  Te  and  T,.  Thus  our  problem  becomes 
one  of  determining  7",,,  Te„  and  vN  for  each  case  of  interest. 
Note  that  the  first  term  in  this  equation  does  not  vary  with  the 
radar  zenithal  look  angle  6  {=  cos"1  (lr'l«)  where  l2  is  a  unit 
vector  in  the  vertical;  see  Figure  1 ),  except  insofar  as  T„  and 
Tei  vary  spatially.  The  second  term  of  the  equation  does, 
however,  vary  with  6  i(vN  is  a  spatial  constant.  In  addition,  the 
type  I  irregularities  propagate  only  in  the  east-west  vertical 
plane;  hence  north-south  neutral  atmospheric  motions  pro- 
duce no  detectable  effect  except  as  they  result  in  temperature 
changes  T„  and  Tei.  Thus  the  effects  of  temperature  and 
velocity  perturbations  enter  the  expression  for  the  observed 
wave  phase  velocity  in  fundamentally  different  ways. 

Case  I:  Prevailing  neutral  winds.  By  prevailing  winds  we 
mean  motions  of  planetary  scale  that  persist  without  change 
over  periods  of  many  days.  Very  little  is  known  about  such 
winds  at  E  region  heights  near  the  equator,  although  they  are 
believed  to  be  light.  Murgatroyd  [1965,  Figures  1  and  2]  puts 
them  at  no  more  than  a  few  meters  per  second.  Since  any 
temperature  changes  induced  by  prevailing  winds  will  be  spa- 
tial constants,  the  winds  themselves  can  be  studied  by  looking 
for  a  0  dependent  variation  in  vRl  with  radar  look  angle  that 
persists  in  averages  over  several  days.  However,  using  the 
Murgatroyd  estimate  of  the  prevailing  winds,  we  would  put 
the  magnitude  of  this  variation  at  about  1%,  which  is  probably 
undetectable.  This  magnitude  would  be  reduced  still  further  by 
any  significant  amplitude  variation  through  the  random  scat- 
tering value  resulting  from  changes  in  prevailing  wind  speed 
with  height.  We  have  made  no  attempt  to  estimate  prevailing 
winds  in  our  observational  study. 

Case  2:  Atmospheric  gravity  waves.  Still  less  is  known 
about  the  spectrum  of  atmospheric  gravity  waves  in  the  equa- 
torial E  region.  However,  the  properties  of  the  wave  spectra  at 
temperate  latitude  E  region  heights  are  fairly  well  documented. 
The  summary  given  by  Hines  [1960]  remains  valid  today:  (1) 
The  waves  have  vertical  wavelengths  at  E  region  heights  in 
excess  of  5  km,  with  the  dominant  vertical  wavelengths  just  in 
excess  of  10  km.  (2)  Wave  periods  vary  between  several  min- 
utes and  several  hours,  with  dominant  periods  of  the  order  of  1 
hour.  (3)  The  dominant  horizontal  wavelength  is  something 
like  an  order  of  magnitude  greater  than  the  vertical.  (4)  Wave- 
associated  winds  are  of  the  order  of  tens  of  meters  per  second 
in  amplitude.  Woodman  and  Guillen  [  1974]  report  gravity  wave 
wind  fluctuations  at  80  km  of  the  order  of  10  m  s~ '.  Recalling 
that  wave-associated  wind  speeds  increase  with  height  as  exp 
(z/2H)  [Hines.  1960],  where  H  (~5  km)  is  the  atmospheric 
scale  height,  we  can  infer  that  wave-associated  wind  speeds  in 
the  equatorial  electrojet,  four  scale  heights  above,  would  be 
~70  m  s  '.  However,  these  speeds  approach  the  prevailing 
speed  of  sound  (~360  m  s1),  and  nonlinear  effects  can  be 
expected  to  reduce  the  wave-associated  wind  speeds  some- 
what. It  thus  seems  reasonable  to  suppose  that  gravity  waves 
in  the  equatorial  E  region  have  spectra  similar  to  their  temper- 
ate latitude  counterparts. 

Since  the  wave-associated  motions  are  adiabatic,  they  in- 
duce perturbations  in  the  neutral  atmospheric  temperature  Tn, 


'10   —    /»' 


T/i  —  Tnl 


(7) 


At  night,  when  there  is  little  or  no  photo-ionization  and  hence 
little  or  no  electron  heating,  it  seems  reasonable  to  take 


'  eo   ~    'n 


'ex  ~    '  nx 


(8) 


as  well,  and  indeed  this  hypothesis  is  supported  by  observation 
[Cohen,  1973].  Even  during  the  day  it  seems  that  (8)  is  suf- 
ficiently accurate  for  our  purposes,  but  here  the  demonstration 
is  more  involved.  Gleeson  and  Axford  [1967]  give 


Tt  =  Tn  +  (\qKTe-\/Len*ne) 


(9) 


where  q  is  the  photo-ionization  rate,  ne  is  the  electron  density, 
7Vf  is  an  'injection  temperature'  of  energetic  photoelectrons, 
which  they  take  to  be  8000  K,  and 

Len*  =  1.55  X  10 -16rt(N2) 

+  (  5  X  \0"Te  -  1.0  X  l0ls)n(O2)    (10) 

where  w(N2)  and  n(02)  are  number  densities  of  N2  and  02, 
respectively,  measured  in  units  per  cubic  centimeter.  Using 
reasonable  values  for  the  terms  in  (9),  we  find  Te  -  Tn  ~  20  K 
~  0. 1  Tn  at  electrojet  heights. 
In  the  unperturbed  state,  then, 


Te  =  Tea  =  Tn0  +  (\qoKTe-\  /Len0*ne0) 


(ID 


while  during  wave  passage  the  electron  temperature  is  per- 
turbed by  an  amount 


Tex  =  Tni  + 


4l 

L<7o 


Wnl     _    "ex 

"no  "eo  J 


('eo  'no) 


(12) 


where  n„  is  the  neutral  atmospheric  particle  number  density; 
(12)  follows  from  a  slight  manipulation  of  expressions  given  by 
Hooke  [1969a,  b].  The  next  step  in  this  procedure  would  in- 
volve the  expression  of  q,/q0  and  nei/ne0  in  terms  of  nnl/nn0. 
While  this  is  possible  under  various  simplifying  assumptions 
[Hooke,  19696],  it  is  rather  difficult  in  general.  However,  we 
can  note  that  but  for  certain  truly  exceptional  cases,  the  term 
in  brackets  should  be  ~nnX/nn0,  which  itself  is  ~Tnl/Tn0,  so 
that 


7",,  =  r„,  +  0.17;,  =  rB1 

to  the  accuracy  of  this  analysis. 
Thus  for  gravity  waves,  (6)  becomes 


.  1     la-Li 


i>«i  =  -r 


2  \\o-\o 


avla 


hi 

'no 


+     VN   •    1, 


(13) 


(14) 


To  proceed  further,  we  require  a  relation  between  Tnl/Tn0  and 
vn.  Let  us  confine  our  attention  to  the  equations  governing 
gravity  wave  propagation  in  an  isothermal  inviscid  atmo- 
sphere stationary  in  the  absence  of  wave  motions;  we  can  then 
write 

vn  «  exp  (z/2H)  exp  i{wt  -  kxx  -  kyy  -  kzz) 

where  a)  is  the  angular  wave  frequency  of  the  gravity  wave  and 
k  is  its  wave  vector  (see  Figure  1).  Then,  after  making  some 
slight  notational  changes  in  the  polarization  relations  given  by 
Hines  [I960,  1965]  we  find  that 
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Fig.  2.    Separation  of  the  scattering  regions  for  radar  look  angles  of  8 
=  30°,  45°.  and  60° 

(7  -  Wk,  -  /(7  ~  1  )g(*,'  +  */)  +  iyo>\y  -  \)g/2Q 
«(*,'  +  ky*Y»Ck,  -  /( I  -  7/2)>j/C 

■o*,1  +  ^v1)'"  (15) 

where  y  is  the  ratio  of  specific  heats,  g  is  the  acceleration  of 
gravity,  and  O  -  ygH.  Since  the  plasma  waves  are  generated 
only  in  the  east-west  vertical  plane  and  the  radar  echoes  are 
confined  to  this  plane. 


v*  •  1*  =  ow,  sin  9  +  vN,  cos  8 


(16) 


Thus  knowledge  of  the  background  atmospheric  parameters 
C\ 7,  and  g  and  the  gravity  wave  wave  vector  k  and  amplitude 
|Vjv  |,  together  with  (I4HI6),  enables  us  to  calculate  gravity- 
wave-associated  changes  in  vn. 

While  (IS)  looks  complicated,  it  is  really  very  simple  in 
form,  and  for  gravity  waves  of  small  vertical  wavelength  and 
long  period,  specifically  waves  for  which  k?  »  1/4H1  and  w1 
«  (y  -  l)gVC\  it  simplifies  (Mines  [1965],  with  some  no- 
tational  changes)  to 

Zk*  _/(7  _  D^p^i  +  Ully*y»/c  (17) 

'no 

Noting  that  vIM/C  =  lly  =  1.4,  we  have  from  (14)  and  (16) 
that 

e«t  =  0.4/  ■  /'    ",  (pw,»  +  v,,,2)"1  +  vNx  sin  0  +  vNt  cos  0 
Ho     l.|  (18) 

(Note  that  the  imaginary  unit  vector  /  appears  in  this  ex- 
pression, indicating  a  phase  relation  between  the  various  con- 
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Fig.  3.    Power  spectrum  of  the  radar  echoes  decomposed  into  the  sum 
of  three  Gaussian  spectra  A,  B,  and  C,  following  Cohen  [1973]. 
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Fig.  4. 


Observed  phase  velocity  vR  as  a  function  of  time  for  January 
8,  1967  (0  =  50°W). 


tributions  to  vHl.  In  the  applications  the  real  part  of  this  and 
subsequent  expressions  should  be  used  to  evaluate  uHl.) 

Thus  for  gravity  waves  propagating  east-west  (ky  =  0)  we 
have 

«>hi  =  0.4/  tt2 — r~\VNl  +  vNx  sin  0  +  vNz  cos  0     (19) 
I  Id  '   'ft  I 

while  for  gravity  waves  propagating  north-south  (kz  =  0,  vNl 
=  0)  we  have 


vRl  =  0.4/     lo"  '* 


lo-  Ul 


vNy  +  vNt  cos 


(20) 


For  waves  of  long  period,  vNi  «  (vNx2  +  vNy2y2  [Hines, 
1960],  so  that  these  equations  simplify  still  further  to 

0«i  =  (o.4/  J  |°  '  |*     +  s\n0jvNx  (21) 


and 


Vri  =  0.4/ 


1P-  1« 
h-  1.1 


VNy 


(22) 


respectively,  except  for  near-zenith  radar  look  angles  0.  Thus 
we  see  that  in  these  limits,  gravity  waves  propagating  east-west 
will  be  somewhat  more  effective  in  producing  Doppler  shifts 
changes  in  the  type  1  radar  echoes  than  will  gravity  waves 
propagating  north-south,  all  else  being  equal.  The  response  of 
the  fluctuations  vKl  to  the  gravity  wave  motions  is  anisotropic. 
It  would  be  possible  to  use  the  formulas  given  above  to 
generate  plots  showing  changes  induced  in  vHl  as  a  function  of 
azimuth  of  gravity  wave  propagation  and  the  wave  parameters 
(period,  phase  speed,  wavelength,  etc.).  However,  that  does 
not  appear  to  be  worthwhile  at  this  juncture,  and  we  shall 
content  ourselves  with  the  observation  that  gravity  waves  hav- 
ing the  properties  summarized  at  the  beginning  of  this  sub- 
section, i.e.,  having  wind  amplitudes  something  like  10%  of  the 
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Fig.  5.     Observed  phase  velocity  vR  as  a  function  of  time  and  radar 
look  angle  for  January  12,  1967. 
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Fig.  6.     Observed  phase  velocity  vR  as  a  function  of  time  and  radar 
look  angle  for  September  7,  1967. 


speed  of  sound,  will  produce  fluctuations  in  vRX  of  the  order  of 
10%.  It  should  be  noted,  however,  that  this  statement  is  true 
only  to  the  extent  that  the  gravity  wave  wavelengths  of  interest 
here  are  large  in  comparison  with  the  dimensions  of  the  radar 
scattering  volume;  otherwise,  considerable  cancellation  inside 
the  volume  would  occur.  Thus  the  above  estimate  would  tend 
to  exaggerate  the  effect  on  vRl  of  gravity  waves  of  small  wave- 
lengths. Note  also  that  while  the  prevailing  winds  are  of  large 
spatial  scale,  so  that  vNx  and  vNy  are  constant  over  the  spatial 
distances  between  radar  scattering  volumes  for  different  look 
angles  8,  the  gravity-wave-associated  velocities  may  vary  con- 
siderably, even  reversing  sign  over  these  distances.  Thus  vary- 
ing the  radar  look  angle  8  yields  results  that  will  be  somewhat 
ambiguous  in  this  case. 

Case  3:  The  atmospheric  tides.  The  theory  governing  atmo- 
spheric tides  at  altitudes  between  the  earth's  surface  and  100 
km  [Lindzen,  1 967;  Lindzen  and  Chapman,  1 969]  appears  to  be 
reasonably  consistent  with  observations  [Reed  et  ai,  1969]. 
However,  there  are  discrepancies  between  the  predicted  and 
the  observed  semidiurnal  tide  [Reed,  1972],  and  there  may  be 
some  cause  for  concern  about  Woodman  and  Guillen's  [1974] 
failure  to  discern  any  tidal  oscillations  in  their  analyses  of 
mesospheric  winds  at  equatorial  latitudes.  The  situation  at 
altitudes  above  100  km  is  somewhat  more  uncertain  because  of 
the  effects  of  thermospheric  heating  and  geomagnetic  con- 
straints on  the  ion  and  electron  motion  at  such  heights.  Never- 
theless, one  should  conclude  that  the  weight  of  the  evidence 
suggests  E  region  diurnal  and  semidiurnal  motions  at  equa- 
torial latitudes  of  the  order  of  several  tens  of  meters  per 
second,  with  accompanying  temperature  fluctuations  of  the 
order  of  several  tens  of  degrees  Kelvin.  Thus  using  (14),  we 
conclude  that  the  atmospheric  tides  will  induce  fluctuations  in 
vR,  of  the  order  of  several  tens  of  meters  per  second  or  10%  of 

Because  tidal  motions  are  of  global  scale,  the  phase  varia- 
tions over  the  range  of  distances  which  can  be  scanned  by  a 
single  radar  are  negligible.  It  is  thus  possible  in  principle  to 
distinguish  between  the  effects  of  the  tidal  motions  and  those 


of  the  tidal  temperature  fluctuations  on  vK1,  since  the  former 
vary  sinusoidally  with  8  while  the  latter  do  not,  as  is  seen  from 
(6).  Thus  in  principle,  such  observations  would  provide  a 
check  between  the  phase  and  amplitude  relationships  between 
vnz  and  Tnl/Tn0  for  the  tides.  (Note  that  here  it  is  assumed  that 
(tfnAide.  =  0,  which  is  valid  to  a  quite  high  degree  of  accuracy.) 

3.    Observations:  Neutral  Atmospheric  Motions 

Manifested  in  Type  1  Wave 

Propagation  Velocities 

In  this  section  we  report  briefly  on  results  of  a  preliminary 
observational  study  carried  out  at  the  Jicamarca  Radar  Obser- 
vatory of  the  temporal  and  spatial  variability  of  observed  type 
1  irregularity  phase  speeds.  While  the  results  are  not  by  them- 
selves definitive,  they  serve  to  illustrate  the  type  of  approach 
that  might  be  made  to  the  data  analysis. 

A  few  prefatory  remarks  should  be  made  concerning  the 
observational  geometry  depicted  in  Figure  1.  Recall  that  a 
family  of  type  1  irregularities  emanates  from  each  point  P  in 
the  electrojet  where  the  threshold  requirement  for  the  two- 
stream  instability  is  satisfied.  The  irregularities  move  in  rela- 
tion to  the  ions  with  phase  velocity  v9.  An  observing  radar  with 
an  antenna  beam  inclined  to  the  vertical  at  angle  8  in  the 
magnetic  east-west  vertical  plane  obtains  echoes  from  those 
Fourier  components  of  the  irregularities  which  are  moving  in 
that  direction.  As  is  emphasized  in  Figure  2,  for  the  radar  look 
angles  8  =  30°,  45°,  and  60°  used  in  these  studies,  the  scatter- 
ing regions  being  compared  are  not  collocated  but  rather  are 
separated  by  distances  of  about  60-120  km  in  the  east-west 
direction.  The  separation  between  the  regions  viewed  at  angles 
±8  in  the  east-west  direction  can  amount  to  300  km.  Gravity 
wave  motions  typically  exhibit  considerable  phase  variation 
over  horizontal  distances  of  this  order.  Observations  at  angles 
8  <  45°  are  complicated  by  the  increased  difficulty  of  resolving 
the  spectrum  into  its  two-stream  and  type  2  components,  so 
that  vRl  is  best  measured  by  observing  at  angles  8  >  45°. 
Measurements  reported  here  were  typically  taken  simultane- 
ously at  angles  8  =  45°  and  8  =  60°,  corresponding  to  an  east- 
west  spatial  separation  of  about  70  km. 

The  antenna  beam  width  used  in  these  studies  was  rather 
large — about  35° — so  that  the  angular  resolution  is  obtained 
by  taking  advantage  of  the  narrow  vertical  extent  of  the  equa- 
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Fig.  8.     Daytime  distribution  of  phase  velocities  vK. 

torial  electrojet  and  range  gating  to  study  echoes  at  different 
ranges,  which  correspond  to  different  inclination  angles  from 
the  vertical  (Figure  2).  Because  the  electrojet  itself  is  some  5 
km  or  so  in  thickness,  the  observing  technique  effectively 
filters  out  the  effects  produced  by  atmospheric  motions  on 
smaller  scales. 

The  basic  data  sets  consist  of  power  spectra  P(f)  of  the 
echoes,  which  are  decomposed  into  the  sum  of  three  Gaussian 
spectra,  labeled  A,  B,  and  C  in  Figure  3,  following  a  procedure 
developed  and  discussed  in  detail  by  Cohen  [1973].  Gaussian  A 
is  associated  with  the  type  1  or  two-stream  echo.  Gaussian  B  is 
associated  with  type  2  irregularities  in  the  same  echo  stratum. 
Gaussian  C  is  associated  with  slower  moving  type  2  irregulari- 
ties in  another  echo  stratum.  The  electron  drift  velocities  in  the 
two  strata  can  be  estimated  [Balsley.  1969]  by  converting  the 
frequency  shifts  at  the  centers  of  Gaussians  B  and  C  to  phase 
velocities,  using  the  Doppler  shift  formula 


c  Sf 

v<i  =  —  -f-  CSC  I 

*   Jo 


(23) 


where  5/  is  the  frequency  shift  and  the  peak  of  the  Gaussian 
measured  from  the  transmitted  frequency  /0,  and  c  is  the 
velocity  of  light.  In  the  present  measurements,  /„  =  59.92 
MHz,  and  the  proportionality  factor  c/2f0  is  about  300  ms~V 
100  Hz. 

Thus  the  principal  measurement  discussed  in  the  present 
paper  is  the  time-varying  Doppler  shift  6f  =  (/«  -  /0),  where  fR 
is  the  frequency  associated  with  the  peak  of  the  composite 
spectrum,  normalized  so  that  />(/„)  =  1.  This  peak  value,  it 
will  be  noted  from  Figure  3,  occurs  at  a  slightly  lower  fre- 
quency than  the  frequency  at  which  the  Gaussian  A  attains  its 
maximum.  However,  the  error  introduced  by  utilizing  this 
value  rather  than  that  obtained  through  spectral  decomposi- 
tion is  slight.  Other  quantities  taken  from  the  composite 
spectra  are  T,  and  T,,  defined  as  the  spectral  'half  widths'  of 
the  two-stream  portion  of  the  spectrum  of  the  'far'  and  'near' 
frequency  sides,  respectively.  From  fR  we  determine  vR  using 
the  relation 
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(24) 


2         /„  2  /„ 

Figures  4-7  show  plots  of  oR  as  functions  of  time  (and,  in 
some  instances,  radar  look  angle  0)  for  five  brief  observing 
intervals  over  a  3-year  period.  Each  of  the  figures  reveals 
considerable  temporal  variability  (amounting  in  some  cases  to 
as  much  as  ±  10%),  over  all  periods  in  excess  of  several  minutes 
(the  minimum  period  resolvable  in  the  data).  In  light  of  the 
discussion  in  section  2  it  would  appear  probable  that  these 


fluctuations  are  produced  by  atmospheric  gravity  waves, 
which  would  only  have  to  have  wind  amplitudes  of  ±20  ms1 
to  produce  the  Doppler  shifts  detected  here.  The  fluctuations 
at  each  of  the  different  look  angles  6  show  some  degree  of 
correlation  (better  in  some  cases  than  in  others).  The  consis- 
tent difference  between  the  velocities  vR  seen  at  the  three  look 
angles  in  Figure  6  would  also  be  consistent  with  the  existence 
of  a  fairly  substantial  mean  wind  during  the  observing  interval, 
amounting  to  some  90  ms"\  but  whether  this  wind  is  a  pre- 
vailing wind,  a  tidal  wind,  or  simply  a  very  long  period  grav- 
ity wave  wind  cannot  be  determined  directly  from  such  a 
short  span  of  data.  However,  measurements  of  gravity  wave 
amplitudes  at  other  latitudes  and  of  prevailing  winds  at  low 
latitudes  suggest  that  these  amplitudes  are  typically  too  small 
to  account  for  the  90  ms~'  wind  detected  here,  arguing  in 
favor  of  the  tidal  or  prevailing  wind  interpretation.  Superim- 
posed on  this  wind  composite  is  a  half  cycle  of  wind  change  of 
±30  ms1,  at  about  1  hour  period. 

To  infer  any  diurnal  variations  in  vR,  we  have  examined  a 
large  quantity  of  Jicamarca  electrojet  spectra  for  the  period 
August  4,  1967,  through  November  15,  1968,  kindly  provided 
by  B.  B.  Balsley.  Those  spectra  for  which  there  was  an  ade- 
quate development  of  type  1  irregularities  were  analyzed  for 
vM,l),  resulting  in  data  during  portions  of  about  50  days. 
'Daytime'  two-stream  data,  obtained  during  periods  when  vD 
was  westward,  were  mainly  available  between  0900  and  1500 
hours  LT.  'Nighttime'  two-stream  data,  obtained  when  v0  was 
directed  eastward,  were  mainly  available  between  1900  and 
0600  hours  LT.  The  results  are  shown  in  Figures  8  and  9  and 
indicate  a  diurnal  variation  of  ^30  ms1. 

4.    Concluding  Remarks 

We  have  shown  in  the  theoretical  analysis  in  section  2  how 
neutral  atmospheric  motions,  including  prevailing  winds,  at- 
mospheric tides,  and  atmospheric  gravity  waves,  can  be  ex- 
pected to  produce  detectable  changes  in  the  wave  phase  speed 
vR  of  observed  two-stream  instability  plasma  waves  of  the 
equatorial  electrojet.  These  changes  would  appear  to  offer  a 
plausible  explanation  for  the  changes  in  vR< actually  observed, 
although  definitive  comparisons  will  require  a  much  more 
extensive  analysis  of  radar  data.  Such  studies  might  also  be 
used  to  see  whether  any  influence  of  the  semiannual  variation, 
the  quasi-biennial  oscillation,  or  the  five-day  oscillation — 
prominent  features  of  tropical  meteorology — can  be  detected 
at  E  region  heights. 

However,  it  should  be  realized  that  the  validity  of  the  analy- 
sis rests  on  the  applicability  of  ( 1 ),  and  the  theoretical  basis  for 
this  result  remains  vague.  Specifically,  the  analysis  also  as- 
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sumes  that  neutral  atmospheric  motions  will  be  unable  to 
influence  vfi  through  motion-associated  changes  either  in  vD  or 
in  v(.  However,  a  more  sophisticated  analysis  could  be  evolved 
to  include  such  effects. 
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TESTS  OF  MICROWAVE  RADIOMETRIC  SENSING  OF  ATMOSPHERIC 
TEMPERATURE  AND  WATER  IN  THE  GULF  OF  ALASKA 

M.  T.  Decker,  E.  R.  Westwater,  and  F.  0.  Guiraud 

NOAA/ERL/Wave  Propagation  Laboratory 
Boulder,  Colorado  80302 


1.  INTRODUCTION 

The  feasibility  of  using  multichannel 
microwave  radiometers  mounted  on  ocean  data  buoys 
for  remote  sensing  of  atmospheric  temperature  and 
water  vapor  structure  is  being  investigated.   Al- 
gorithms have  been  developed  for  inferring  tem- 
perature and  water  vapor  profiles  in  the  presence 
of  clouds  as  well  as  under  clear  skies  (Westwater 
et  al.,  1976).   These  algorithms  also  predict  the 
accuracies  that  should  be  achieved  in  a  particular 
climate  with  known  instrumental  accuracies. 
Briefly,  microwave  thermal  radiation  from  the 
atmosphere  is  measured  by  zenith-pointing  radiom- 
eters at  three  frequencies  in  the  50  to  60  GHz 
oxygen  absorption  band,  one  at  the  22  GHz  water 
vapor  absorption  line,  and  one  at  31  GHz  in  the 
window  region  between  these.   Information  from 
the  latter  two  frequencies  can  be  used  to  correct 
for  the  contaminating  effect  of  cloud  radiation 
and  at  the  same  time  to  derive  water  vapor  and 
cloud  liquid  content.   The  cloud  correction  allows 
us  to  estimate  equivalent  clear  radiation  for  the 
microwave  channels.   These  data  and  surface  mea- 
surements of  temperature,  pressure,  and  relative 
humidity  are  then  used  to  infer  profiles  of  tem- 
perature and  water  vapor  using  statistical  in- 
version techniques  (Westwater  et  al.,  1975). 

2.  EXPERIMENTS 

To  test  these  methods  a  series  of  ex- 
periments was  performed  jointly  by  NOAA  and  the 
Jet  Propulsion  Laboratory  under  various  atmos- 
pheric conditions.  The  microwave  radiometer  is 
similar  to  that  used  on  the  Nimbus  6  satellite. 
Radiation  from  the  zenith  was  measured  once  each 
minute  with  a  dwell  time  of  1  second.   In  general, 
18  to  24  of  these  measurements  were  averaged  to 
give  the  radiation  data  used  in  retrieval  of 
profiles.   Concurrent  rawinsonde  data  were  used 
to  evaluate  the  accuracy  of  the  radiometric 
profiles. 

Measurements  were  made  at  the  Pacific 
Missile  Test  Center,  Pt.  Mugu,  California,  during 
the  periods  February  24  to  March  17  and  July  16 
to  30,  1976.   The  21  profiles  analyzed  for  the 
first  period  were  all  under  essentially  clear 
skies;  16  of  22  profiles  during  the  second  period 
were  classified  as  cloudy.   A  more  severe  en- 
vironmental test  was  made  aboard  the  Canadian 
Ship  Quadra  at  Ocean  Station  P  in  the  Gulf  of 
Alaska  from  February  15  to  March  26,  1977.   Of 
the  45  profiles  from  this  location  35  were  cloudy. 

3.        RESULTS 

Predicted  accuracies  and  those  actually 
achieved  for  temperature  profiles  during  the 
three  experimental  periods  are  shown  in  Figures 
1,  2,  and  3.   Height  of  the  vertical  scale  is 
given  in  pressure  difference  from  the  surface. 
Note  that  a  pressure  difference  of  100  mb 


corresponds  to  a  geometrical  height  of  about 
0.9  km,  300  mb  corresponds  to  3  km,  500  mb  to 
5.6  km,  and  800  mb  to  12  km.   The  curves  labeled 
a  and  b  are  the  theoretical  accuracies  in  pro- 
file retrieval  for  the  appropriate  seasonal 
climatology.   Curve  a  is  the  expected  accuracy 
if  the  climatological  mean  profile  is  used  as 
the  predictor  of  all  profiles,  i.e.,  no  mea- 
surement is  made.   Curve  b  shows  the  theoretical 
accuracy  if  the  five  radiation  measurements 
together  with  the  surface  measurements  are  used 
to  determine  the  profiles.   Curves  c  and  d  are 
the  corresponding  quantities  observed  during 
the  experimental  periods.   Curve  c  is  the  RMS 
difference  between  the  climatological  mean  pro- 
file and  the  experimental  rawinsondes,  and 
curve  d  is  the  RMS  difference  between  the  radio- 
metric profiles  and  the  corresponding  rawinsondes. 
In  this  analysis  we  assume  that  there  are  no 
errors  in  the  rawinsonde  data. 

Our  analysis  shows  that  the  tempera- 
ture profile  accuracies  achieved  during  the  ex- 
perimental periods  are  quite  close  to  the  theo- 
retical predictions  of  accuracy.  Tests  were 
made  to  determine  temperature  errors  that  re- 
sulted if  corrections  were  not  made  for  the 
radiation  from  clouds.  The  results  showed 
that  without  the  corrections  there  would  be  a 
substantial  increase  in  error. 

Profiles  and  line  integrals  of  water 
vapor  have  also  been  derived  from  the  radiometric 
data  but  are  not  shown  here.   Errors  in  these 
measurements  are  somewhat  larger  than  predicted. 
It  is  likely  that  discrepancies  arise  partly  from 
inaccuracies  in  the  rawinsonde  itself  and  partly 
from  uncertainties  in  our  knowledge  of  water 
vapor  absorption  coefficients. 

4.        CONCLUSIONS 

Temperature  profiles  retrieved  from 
surface-based  microwave  radiometric  measurements 
have  been  compared  with  rawinsonde  profiles  to 
show  that  reasonable  agreement  with  predicted 
accuracy  has  been  achieved.   This  increases  con- 
fidence in  our  ability  to  predict  the  performance 
of  radiometric  systems  under  various  climatologi- 
cal, seasonal,  or  other  conditions. 

Corrections  for  the  radiation  from 
non-precipitating  clouds  have  been  successfully 
applied  to  microwave  radiometric  temperature 
profile  measurements.  This  greatly  improves  the 
usefulness  of  the  radiometric  technique  by  in- 
creasing the  time  during  which  valid  data  can 
be  obtained. 

While  the  radiometric  technique  tends 
to  produce  a  smoothed  temperature  profile,  the 
accuracies  achieved  should  make  it  particularly 
useful  in  applications  that  require  the  mean 
temperature  between  standard  pressure  levels 
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Fvgure  1.     Predicted  and  observed  accuracies  of 
temperature  profiles  measured  by  microwave 
radiometry  at  Ft.   Mugu,    California,   in  Feb- 
ruary-March 1976.     See  text  for  explanaUon  of 
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Figure  3.      Same  as  Figure  1  except  at  Ocean 
Station  P  in  the  Gulf  of  Alaska  in  February- 
March  1977. 

(layer  thickness).  The  ocean  data  buoy  applica- 
tion would  be  especially  appropriate  for  obtain- 
ing temperatures  in  data-sparse  regions  to  be 
used  in  numerical  weather  prediction. 
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Figure  2.      Same  as  Figure  1  except  at  Ft.   Mugu, 
California,    in  July  1976. 
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MEASURES  OF  INHOMOGENEITY  OF  AEROSOLS 


V.  E.  Derr 
CM.  Lerfald 
M.  J.  Post 


A  statistical  analysis  of  atmospheric  inhomogeneities  was  conducted 
to  determine  the  design  criteria  of  a  transit  time  lidar.  An  experimental 
transit  time  lidar  was  built  and  employed  to  gather  wind  data.  Other 
atmospheric  sensors  were  also  employed  to  measure  relevant  atmospheric 
parameters.  System  recommendations  based  on  the  collected  and  reduced 
data  are  presented  in  the  last  chapter. 
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Measuring  Temperature  Structure  Parameter  Profiles 
with  an  Acoustic  Sounder 
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ABSTRACT 

A  preliminary  evaluation  of  acoustic  sounders  for  measuring  Cj*  has  been  completed.  Results  show  that 
the  radar  equation  used  to  derive  Cr2  from  sounders  must  be  modified  to  include  the  effects  of  excess  at- 
tenuation due  to  turbulence  and  beam  bending  due  to  horizontal  winds.  Both  effects  are  strongly  dependent 
on  beam  width  and,  taken  together,  can  lead  to  errors  of  400%  or  more  in  Cr*  estimates. 


1.  Introduction 

Since  McAllister  et  al.  (1969)  first  demonstrated 
the  feasibility  of  using  acoustic  waves  for  remotely 
sensing  the  temperature  structure  of  the  atmosphere 
a  great  deal  of  information  has  been  gathered  by 
investigators  on  such  features  as  convection  plumes, 
capping  inversions,  nocturnal  inversions  and  gravity 
waves.  To  a  large  extent  these  studies  have  been 
descriptive,  based  mainly  on  qualitative  interpreta- 
tions of  facsimile  records.  The  time-height  displays 
obtained  from  monostatic  sounders  show  the  evolution 
and  decay  of  boundary  layer  turbulence  events  and 
have  found  wide  application  in  air  pollution  studies. 

The  potential  for  quantitative  studies  of  atmo- 
spheric turbulence  from  the  scattered  acoustic  energy 
was  outlined  by  Little  (1969).  However,  estimation 
of  the  temperature  structure  parameter  Ct2  from 
monostatic  returns  has  received  relatively  limited 
attention  (Neff,  1975;  Asimakopoulos  et  al.,  1976). 
The  objective  of  the  work  described  by  these  workers 
was  to  compare  in  situ  measurements  of  CV  with 
estimates  of  Ct2  derived  from  acoustic  sounders.  In 
each  case,  the  transmitting  and  receiving  efficiencies 
of  the  acoustic  antenna  were  measured  and  the  derived 
values  of  Ct2  were  compared  directly  with  the  in  situ 
measurements.  Comparisons  were  obtained  at  only 
one  height  above  ground. 

In  the  work  to  be  reported  here,  no  attempt  was 
made  to  measure  the  antenna  efficiencies.  Instead, 
estimated  values  were  used.  Adjustments  to  these 
estimated  values  were  then  made  as  a  result  of  the 
comparison  tests. 

The  significant  difference  between  our  work  and 
that  by  Neff  and  Asimakopoulos  et  al.  is  that  we 


performed  simultaneous  comparisons  at  three  heights 
above  ground.  Thus,  we  are  able  to  determine  whether 
the  resulting  "comparison  factors"  are  a  function  of 
height.  In  the  course  of  evaluating  two  monostatic 
sounders  with  somewhat  different  operating  charac- 
teristics, we  discovered  that  the  conventional  radar 
equation  used  to  derive  Ct*  systematically  under- 
estimates its  values.  Analyses  indicate  the  under- 
estimation to  be  a  function  of  height  and  stability. 
Here  we  will  describe  the  two  comparison  experiments 
and  the  results  obtained  from  them. 

2.  Theory 

The  theoretical  basis  for  computing  Cr2  from  the 

sounder  backscatter  is  described  in  detail  by  Neff 

(1975).  Therefore  only  a  brief  outline  is  presented 

here.  The  temperature  structure  parameters  Ct2  is 
defined  by 


CT2=[T{x)-nx+f)J/r\ 


(1) 


where  T  is  the  temperature  at  two  points  in  space 
separated  by  distance  r  and  the  overbar  represents 
a  time  average.  This  equation  is  valid  only  if  the 
magnitude  of  r  lies  within  the  inertial  subrange  of 
the  temperature  fluctuations.  To  measure  C^  directly 
one  simply  measures  the  variance  of  the  temperature 
difference  between  two  points  separated  by  distance  r. 
To  measure  Ct2  from  acoustic  sounder  returns,  one 
starts  with  the  radar  equation  for  backscattered 
energy, 


ER 


lPTETl.e-2*RTicTX(A/R2)-Gl<T,      (2) 
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where 

Pr       measured  received  electrical  power 

Er  efficiency  of  antenna  system  in  converting  re- 
ceived acoustic  to  electrical  power 

Pt        transmitted  electrical  power 

Et  efficiency  of  antenna  system  in  converting  elec- 
trical to  acoustic  power 

e-2sR  power  loss  due  to  atmospheric  attenuation  of 
sound  as  it  travels  to  scattering  volume  and 
back 

a  attenuation  coefficient,  strongly  dependent  on 

frequency  and  humidity,  weakly  dependent 
on  temperature  and  pressure 

R         travel  distance  to  scattering  volume  of  interest 

c  speed  of  sound 

t  duration  of  transmitted  sound  pulse 

A         geometrical  area  (antenna  aperture)  of  antenna 

G  aperture  gain  factor  related  to  distribution  of 
scatterers  within  the  sampling  volume 

a  backscattering  cross  section. 

The  cross  section  <x  is  in  turn  related  to  CV  by 

a = 0.0039  k^C^/T,  (3) 

where  k  is  the  wavenumber  of  the  transmitted  sound 
and  T  the  mean  temperature  of  the  air  over  the 
range  of  interest.  From  (2)  and  (3)  we  have  an  ex- 
pression for  Ct2  in  terms  of  atmospheric  and  instru- 
ment parameters  which  are  either  known  or  can  be 
measured  or  estimated. 

A  number  of  references  can  be  found  describing 
techniques  for  computing  the  attenuation  coefficient  a 
from  measurements  of  pressure,  temperature  and 
humidity  as  a  function  of  height  (Harris,  1966; 
Sutherland,  1968;  Neff,  1975).  Suffice  it  to  say  that 
the  techniques  are  straightforward  and  do  not  give 
rise  to  any  difficulties,  although  it  should  be  noted 
that  in  practice  these  atmospheric  parameters  should 
probably  be  measured  with  in  situ  sensors  at  various 
heights.  This  tends  to  limit  the  use  of  an  acoustic 
sounder  for  obtaining  Ct2  to  situations  in  which  direct 
sensing  of  these  parameters  is  accomplished  in  some 
manner  using  towers,  balloons  or  airplanes  as  sensor 
platforms,  particularly  in  stable  conditions. 

Estimating  values  for  the  antenna  efficiencies  Et 
and  ER  and  the  aperture  gain  factor  G  for  a  given 
acoustic  sounder  is  considerably  more  difficult  than 
estimating  the  attenuation  factor.  One  can  measure 
the  antenna  efficiencies  to  a  fair  degree  of  accuracy, 
but  the  aperture  gain  factor  depends  on  the  distribu- 
tion of  scatterers  in  the  irradiated  volume  (Hall  and 
Wescott,  1974).  The  scatterers  in  this  case  are  the 
sharp  temperature  gradients  in  the  atmosphere  caused 
by  turbulence.  It  is  not  well  known  whether  these 
scatterers  are  distributed  uniformly  through  the  sound 
beam  or  whether  variations  in  their  distribution  could 
seriously  affect  the  received  power.  Our  results  seem 
to  suggest  that  uncertainties  in  the  estimates  of  Ct2 


arising  from  variations  in  the  distribution  of  scat- 
terers could  be  no  greater  than  a  factor  of  2  and  are 
probably  considerably  less. 

In  the  work  being  reported  here  we  assumed  values 
of  0.1  for  ET  and  ER  and  0.4  for  G.  We  then  adjusted 
the  value  of  the  product  of  these  terms  so  the  Ct2 
comparison  factor  was  normalized  to  unity  at  the 
lowest  comparison  height  for  unstable  conditions. 

3.  Experiments 

The  first  experiment  was  conducted  in  October  1974 
at  the  Nevada  Test  Site  (NTS)  of  the  Energy  Re- 
search and  Development  Administration  (ERDA). 
The  acoustic  sounder  used  in  this  experiment  was 
the  WPL  Mark  VII  (Owens,  1975)  built  for  the  Rome 
Air  Development  Center  by  the  Wave  Propagation 
Laboratory  (WPL).  A  50  ms  burst  of  2000  Hz  acoustic 
energy  was  transmitted  upward  once  every  2  s.  After 
a  delay  of  150  ms,  the  transmitting  antenna  switches 
to  its  receiving  mode  to  measure  the  energy  scattered 
back  by  the  transmitted  pulse.  The  received  signal 
was  recorded  on  an  FM-analog  magnetic  tape  recorder 
for  subsequent  quantitative  analysis  as  well  as  on  a 
facsimile  recorder  for  an  immediate  visual  display. 

The  in  situ  measurements  were  made  at  three  levels 
(45,  87  and  133  m)  on  the  450  m  tower  at  NTS.  Each 
level  was  equipped  with  a  pair  of  finewire,  platinum 
resistance  thermometers  spaced  vertically  1  m  apart. 
The  sensor  outputs  were  sampled  at  a  rate  of  20  times 
per  second,  recorded  on  digital  magnetic  tape,  and 
processed  in  real  time  by  a  computer-controlled  data 
acquisition  system  (Kaimal  et  al.,  1966).  The  sounder 
was  located  450  m  away  from  the  tower  to  avoid 
possible  sidelobe  reflections  from  the  tower.  Data  were 
gathered  only  during  periods  when  the  wind  was 
blowing  from  the  sounder  toward  the  tower.  In  this 
direction  the  fetch  was  uniform  for  a  distance  of 
over  10  km. 

The  second  experiment  was  conducted  in  January 
1977  at  WPL's  Table  Mountain  test  site  about  20  km 
north  of  Boulder.  The  acoustic  sounder  used  in  these 
experiments  was  built  by  WPL  for  the  Air  Force 
Optical  Observatory  at  Cloudcroft,  N.M.  The  only 
significant  difference  between  the  two  sounders  was 
the  design  of  the  antenna  cuffs  used  for  sidelobe  sup- 
pression. The  cuff  used  in  the  NTS  experiment  was 
a  four-sided  plywood  enclosure  (Owens,  1975),  flared 
at  an  angle  of  11°,  and  lined  internally  with  con- 
voluted foam.  The  cuff  used  in  the  Table  Mountain 
experiment  was  a  fiberglass  conical  enclosure,  flared 
at  an  angle  of  16°,  and  lined  on  the  inside  with  a 
sound  absorbing  material  which  consists  of  lead 
septum  sandwiched  between  layers  of  foam.  Sidelobe 
suppression  was  significantly  improved  with  the  conical 
cuff  design.  In  addition,  this  design  provided  a  nar- 
rower main  beam,  which  will  be  seen  to  be  a  significant 
factor  in  interpretation  of  our  results. 


141 


June  1978 


NOTES 


897 


0.020 


0.015 


I  OC 


0.005  - 


0 


1                      1 
NEVADA  TEST  SITE 

1 

z=45m 

•  / 

•  Unstable^  m  =  I.O 

-    o  Stable;      m=0.5 

*  / 

/   e 

—-m=I.O 

/■% 

*                 S         * 

_ 

•  / 

^^             o 

/                    V' 

/<^^m=0.5 

/          •    ^^"^ 

- 

7            J^°       ° 

S           °      .^^ 

/     5^*^ ° 

/^                i                         i 

i 

0  0005  0.010  0.015  0.020 

CT  (sounder) 
Fig.  1.  Tower  Cr2  vs  sounder  C^  at  45  m,  Nevada. 

The  in  situ  sensors  used  in  the  Table  Mountain 
experiment  were  similar  to  those  used  in  the  Nevada 
experiment  and  were  mounted  at  heights  of  38,  95 
and  145  m  on  a  150  m  tower.  The  sounder  was  located 
about  150  m  north  of  the  tower;  data  were  collected 
only  for  easterly  winds  with  a  uniform  fetch  of  3  km. 

Temperature  and  dew  point  temperature  were  mea- 
sured at  each  of  the  three  tower  heights  in  the  NTS 
experiment  but  only  at  the  surface  (~2  m)  at  Table 
Mountain,  since  the  NTS  results  had  shown  that  the 
attenuation  coefficient  a  did  not  change  appreciably 
over  the  height  range  of  interest.  Pressure  was  mea- 
sured at  the  surface  for  both  sets  of  experiments. 
Careful  calibration  of  the  sounder  electronics  was 
accomplished  through  insertion  of  a  known  signal  at 
the  receiver  input. 

4.  Results 

Data  obtained  from  the  NTS  and  Table  Mountain 
experiments   are   presented   in   Figs.    1-6   as   scatter 
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Fig.  3.  As  in  Fig.  1  except  at  133  m,  Nevada. 

diagrams.  Time-averaged  Cr2  values  from  the  sounder 
at  heights  corresponding  to  the  tower  levels  are 
plotted  against  the  direct  Ct2  measurements  averaged 
over  the  same  time  interval.  The  sounder  Ct2  values 
for  each  height  were  also  averaged  over  the  pulse 
width.  The  data  selected  for  analysis  were  for  those 
cases  where  convective  plume  activity  (unstable)  or 
the  nocturnal  inversion  layer  (stable)  exceeded  150  m. 
Sounder  facsimile  records  were  used  to  control  the 
data  selection  process  as  a  qualitative  check  that  the 
layer  being  observed  was  uniformly  stable  or  unstable. 
Separate  scatter  diagrams  were  prepared  for  each 
height  and  for  stable  and  unstable  atmospheric  con- 
ditions. The  slope  of  the  line  of  best  fit  is  by  defini- 
tion the  "comparison  factor"  of  the  sounder.  The 
actual  value  of  these  comparison  factors  is  not  im- 
portant for  our  purposes.  Our  interest  is  to  examine 
the  height  and  stability  dependence  of  these  factors. 
Long-term  averages  were  used  for  all  the  com- 
parisons in  an  attempt  to  minimize  any  differences 
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CT(  sounder) 
Fig.  5.  As  in  Fig.  4  except  at  95  m,  Table  Mountain. 

that  might  exist  due  to  the  large  spatial  separation 
between  the  sounder  and  the  in  situ  samples  of  Ct2- 
Sixty  minute  averages  were  used  for  the  NTS  data; 
30  min  for  the  Table  Mountain  data.  It  is  to  be  ex- 
pected, of  course,  that  some  scatter  will  exist  in  the 
plots  because  of  differences  in  sampling  techniques 
and  spatial  variability  of  temperature  fluctuations 
(Wyngaard,  1973). 

Two  observations  emerge  from  these  data.  First, 
the  scatter  shown  on  any  given  plot  appears  reason- 
ably small,  implying  that  the  assumption  of  a  uniform 
distribution  of  scatterers  through  the  acoustic  beam 
is  justified  within  a  factor  of  2  since  some  of  the 
scatter  must  be  attributed  to  spatial  variability. 
Second,  the  slopes  of  the  best-fit  lines,  i.e.,  the  "com- 
parison factors,"  vary  markedly  with  atmospheric 
stability  and  with  height.  At  any  given  height,  the 
comparison  factor  for  unstable  conditions  is  about 
twice  that  for  stable  conditions.  The  variation  with 
height  is  much  greater  for  the  Table  Mountain  data 
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Fig.  6.  As  in  Fig.  4  except  at  145  m,  Table  Mountain. 


than  for  the  NTS  data,  a  fact  that  most  likely  reflects 
differences  in  sounder  antenna  characteristics,  atmo- 
spheric conditions,  or  both. 

In  general,  the  atmospheric  conditions  at  NTS 
varied  from  strongly  stable  to  strongly  unstable  with 
a  well-developed,  deep  planetary  boundary  layer.  At 
Table  Mountain,  conditions  varied  from  moderately 
unstable  to  moderately  stable  with  a  relatively  shallow 
planetary  boundary  layer. 

Our  results  are  consistent  with  a  theory  of  excess 
attenuation  of  sound  propagated  through  a  turbulent 
medium  recently  presented  by  Brown  and  Clifford 
(1977).  They  suggest  that  the  turbulent  wind  field 
scatters  acoustic  energy  outside  the  beam  in  a  manner 
that  is  dependent  on  the  intensity  of  turbulence.  This 
leads  to  a  beam-broadening  effect  of  a  loss  of  scattered 
energy  that  is  not  accounted  for  in  the  antenna  equa- 
tion (2).  We  are  not  able  to  verify  the  theory  in 
detail  with  the  data  presented  here,  but  the  results 
are  strongly  supportive  of  the  theory  they  propose. 
In  particular,  the  narrower  beam  for  the  sounder  used 
in  Table  Mountain  experiment  should  indeed  be  sig- 
nificantly more  susceptible  to  excess  attenuation  as 
observed. 

/ 
5.  Conclusions    ( 

The  results  illustrate  that  deriving  Ct2  from  an 
acoustic  sounder  operating  in  a  monostatic  mode  is 
seriously  complicated  by  changes  in  comparison  factor 
for  the  sounder  with  height  and  stability.  At  present, 
this  means  that  any  given  sounder  must  be  calibrated 
over  the  range  of  stabilities  and  heights  against  in  situ 
measurements  in  order  to  provide  the  most  accurate 
values  of  Ct2  possible.  The  only  alternative  that  we 
can  suggest  at  the  moment  is  to  operate  acoustic 
sounders  in  a  bi-static  mode  in  an  attempt  to  derive 
both  temperature  and  wind  fluctuations  so  that  excess 
attenuation  can  be  explicitly  accounted  for  in  the 
radar  equation.  We  are  presently  conducting  a  pilot 
study  to  explore  the  feasibility  of  this  approach  and 
hope  to  report  the  results  in  the  near  future. 
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MEASURING  C'-PROFILES  WITH  ACOUSTIC  SOUNDERS 


Duane  A.  Haugen  and  J.  Chandran  Kaimal 

NOAA/ERL/Wave  Propagation  Laboratory 
Boulder,  Colorado  80302 


1. 


INTRODUCTION 


We  have  conducted  two  experiments 

using  acoustic  sounders  to  obtain  measurements 

2 
of  the  temperature  structure  parameter,  C„. 

The  first  one  was  conducted  at  ERDA's  Nevada 
Test  Site  in  October  1974,  the  second  one  at 
WPL's  Table  Mountain  site  in  January  1977.   In 
each  experiment,  the  desired  result  was  to 
establish  calibration  data  that  would  permit 

2 
one  to  obtain  CT-profiles  with  sufficient  accuracy 

to  be  useful  for  optical  tracking  applications. 
The  results  of  these  experiments  have  been 
reported  elsewhere  (Haugen  and  Kaimal,  1978). 
Only  a  brief  summary  will  be  presented  here. ° 


variability  effects  between  the  two  methods  of 

2 
obtaining  C„.  Separate  scatter  diagrams  were 

then  prepared  for  stable  and  unstable  conditions 
for  each  observation  height.  A  separate  set 
of  scatter  diagrams  was  prepared  for  each 
experiment  as  well.  The  acoustic  sounder  used 
in  the  Table  Mountain  experiment  had  a  signi- 
ficantly narrower  beam  than  the  one  used  in 
the  Nevada  Test  Site  experiment.  Other  antenna 
characteristics  also  differed  so  the  two  sets  of 
calibration  data  should  not  be  identical. 
However,  each  set  of  calibration  data  has 
similar  characteristics  with  respect  to  de- 
pendencies on  range  or  atmospheric  conditions. 


4. 


RESULTS 


2. 


THEORETICAL  BACKGROUND 


A  detailed  description  of  the  theore- 
2 
tical  basis  for  deriving  C_  from  acoustic 

sounders  has  been  given  by  Neff  (1975).   It  can 
be  shown  that  acoustic  energy  backscattered  by 
temperature  discontinuities  in  a  turbulent 
atmosphere  depends  in  part  on  the  intensity  of 
the  temperature  fluctuations  in  the  inertial 

2 
subrange.  Hence,  estimates  of  CT  may  be  derived 

from  measurements  of  the  backscattered  energy 
of  acoustic  pulses  along  with  measurements  of 
the  sounder  antenna  characteristics  and  atmos- 
pheric conditions  that  affect  sound  propagation. 
In  general,  the  antenna  characteristics  are 
independent  of  range  whereas  the  atmospheric 
effects  are  strongly  range  dependent.  Thus, 
in  practice  one  can  establish  calibration  data 
for  a  sounder  by  merely  estimating  values  for 
the  antenna  characteristics  and  carefully 
measuring  the  range- dependent  terms  in  a  series 
of  comparison  measurements  between  the  sounder 
and  direct,  in-situ  sensors.  One  test  of  the 

2 
theoretical  basis  for  sounder-derived  C_- 

values  is  to  determine  whether  the  calibration 
data  is  independent  of  range  and  atmospheric 
conditions.  It  is  this  test  of  the  theory  which 
we  have  attempted. 

3.        EXPERIMENTAL  PROCEDURES 

2 
Direct  measurements  of  C_  were  made  at 

three  levels  on  a  tower  with  in-situ  sensors 
in  each  experiment.  The  sounder-derived 

2 
C„-values  were  based  on  estimates  of  the  various 

antenna  characteristics  and  measurement  of  the 
atmospheric,  range-dependent  parameters. 
Long  term  averages  (60  minutes  for  the  Nevada 
and  30  minutes  for  the  Table  Mountain  experi- 
ments) were  obtained  in  order  to  minimize  spatial 


The  calibration  data  revealed  a  de- 
pendency on  height  as  well  as  on  atmospheric 
stability.  The  data  were  therefore  normalized 
to  give  a  one-to-one  comparison  between  the 

2 
tower  and  sounder  C„-values  for  the  lowest 

height  under  unstable  conditions.  A  simple  mea- 
sure of  the  height  and  atmospheric  stability 
dependency  is  to  note  the  slope  of  the  line  of 
best  fit  relative  to  one.   The  various  scatter 
diagrams  we  prepared  are  summarized  in  Figs.  1 
through  4  where  we  show  the  slopes  of  the  var- 
ious lines  but  not  the  individual  data  points. 
The  scatter  of  the  data  was  generally  within  a 
factor  of  two  as  may  be  seen  in  the  paper  by 
Haugen  and  Kaimal  (1978). 
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Figure  1.      Tower  (f  vs  sounder  CT,   convective 
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Looking  first  at  the  Nevada  Test  Site 
results,  we  note  that  the  slope  increases  from 
1.0  to  1.5  over  a  height  range  of  45  to  133  m 
under  convective  conditions.  Under  stable 
conditions,  the  slope  changes  only  slightly 
with  height,  but  is  one-half  to  one-third  the 
slopes  found  for  convective  conditions.  At 
the  time  we  obtained  these  results,  we  learned 
of  some  work  later  reported  by  Brown  and  Clifford 
(1977)  describing  excess  sound  attenuation 
caused  by  turbulence.  This  attenuation  is  not 
accounted  for  in  the  equations  used  to  derive 

2 
C_  from  the  sounder  and  it  is  range  dependent. 

Therefore  our  results  are  consistent  with  their 
predictions  since  the  Nevada  stable  cases  were 
nearly  laminar  flow  conditions  for  which  little 
excess  attenuation  would  be  expected.  The 
difference  between  stable  and  unstable  cases  had 
been  observed  previously  by  Neff  (1975)  and  is 
not  yet  fully  understood.  One  possible  explana- 
tion is  that  the  inertial  subrange  of  the  stable 
temperature  spectra  may  not  be  well  developed 
for  the  eddy  sizes  causing  the  acoustic  back- 
scatter.   But,  to  our  knowledge,  this  aspect  of 
acoustic  echo  behavior  has  not  yet  been  studied 
by  anyone. 

The  Table  Mountain  results  are  similar 
to  the  Nevada  Test  Site  results,  but  the  varia- 
tion with  height  is  much  greater  and  occurs  for 
stable  as  well  as  unstable  cases.  The  de- 
pendency on  stability  is  the  same  otherwise, 
the  slopes  for  stable  cases  being  roughly  one- 
half  those  for  unstable  cases.  There  are  at 
least  three  possible  explanations  for  the  in- 
creased height  dependency.  The  antenna  beam 
for  the  Table  Mountain  experiment  was  consi- 
derably narrower  than  for  the  Nevada  experiment. 
Excess  attenuation  due  to  turbulence  is  gen- 
erally more  effective  for  a  narrow  antenna  beam. 
Next,  the  wind  speeds  and  turbulence  levels  were 
generally  higher  at  Table  Mountain,  which  should 
lead  to  greater  excess  attenuation  for  both 
stable  and  unstable  cases,  all  other  factors 
being  equal.  Finally,  another  source  of  apparent 
excess  attenuation  is  high  wind  speeds  which 
cause  beam  bending.  Detailed  explanation  of  our 
results  is  not  possible  with  the  limited  amount 
of  data  we  gathered  in  these  experiments. 
However,  further  research  being  carried  out 
at  Table  Mountain  to  better  understand  these 
possible  effects  is  reported  on  in  the  follow- 
ing paper  (Neff  and  Haugen,  1978) . 


5. 


CONCLUSIONS 


Table  Mountain. 


These  results  show  that  problems  of 
excess  attenuation  with  acoustic  sounders  appear 
to  have  potential  for  serious  inaccuracies  in 

2 
the  measurement  of  C_-profiles  if  ignored.   A 

well -documented  method  for  including  these 
effects  in  the  theory  does  not  exist  at  present, 
but  we  have  every  reason  to  expect  research 
efforts  to  accomplish  this  in  the  near  future. 

2 
Certainly,  the  need  for  C_-profiles  in  many 

types  of  research  problems  makes  the  use  of 
remote  probes  such  as  the  acoustic  sounder  very 
attractive  which  in  turn  makes  the  resolution  of 
this  excess  attenuation  question  very  important. 
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Beamwidth  Effects  on  Acoustic  Backscatter  in  the  Planetary  Boundary  Layer 

W.  D.  Neff 

NOAA/ERL/Wave  Propagation  Laboratory,  Boulder,  CO  80302 
(Manuscript  received  19  January  1978,  in  final  form  15  June  1978) 

ABSTRACT 

An  "excess  attenuation"  experiment  is  described  that  uses  an  acoustic  sounder  (or  echosonde)  operating 
at  simultaneous  frequencies  of  1250  and  2500  Hzv  The  relative  error  in  the  received  powers  at  these  two 
frequencies  is  shown  to  be  a  beam-width-dependent  effect.  The  magnitude  of  this  effect  at  150  m  ranged 
typically  from  50%  in  free-convection  conditions  to  400%  with  wind  speeds  of  10  m  s_l,  consistent  with  a 
number  of  previous  comparison  experiments.  The  results  of  this  experiment  are  interpreted  in  terms  of 
models  of  the  broadening  of  the  beam  by  small-scale  turbulence  and  the  refraction  of  the  beam  by  a  trans- 
verse wind. 


1.  Introduction 

Acoustic  sounders  (or  echosondes)  are  widely  used 
for  boundary  layer  and  air  pollution  studies.  Many 
of  these  applications  have  relied  solely  on  qualitative 
interpretations  of  facsimile  records.  With  increasing 
use,  for  example,  of  microprocessor  technology  (Owens, 
1977)  it  is  now  possible  to  obtain  quantitative  infor- 
mation on  boundary  layer  turbulence  on  a  routine 
basis.  The  first  comparisons  of  acoustic  backscatter 
intensities  with  predictions  from  in  situ  tower  instru- 
ments at  a  single  height  (Neff,  1975;  Asimakopoulos 
el  al.,  1976)  showed  reasonable  agreement  with  the 
scattering  theory  proposed  by  Tatarskii  (1971).  How- 
ever, vertical  profiles  of  the  temperature  structure 
parameter  Ct2  in  Neff  (1975)  indicated  a  more  rapid 
decrease  of  intensity  with  increasing  height  than  was 
expected  from  theory.  Additional  measurements  re- 
cently reported  by  Haugen  and  Kaimal  (1978)  at 
several  tower  levels  confirmed  an  apparent  attenuation 
of  the  sound  with  range  in  excess  of  that  expected 
from  viscous  and  molecular-relaxation  effects. 

The  structure  functions  of  temperature  and  velocity 
are  useful  descriptors  of  boundary  layer  turbulence 
(Kaimal,  1973).  Developing  a  technology  to  derive 
these  quantities  from  echosonde  returns  is  of  con- 
siderable interest  (Brown,  1975;  Kerman,  1976). 
Resolution  of  the  "excess  attenuation"  problem  con- 
stitutes an  essential  first  step  if  the  errors  in  such 
measurements  are  to  be  minimized.  Brown  and  Clifford 
(1976)  reviewed  the  so-called  excess  attenuation 
problem  and  applied  forward-scatter  optical  results 
to  predict  the  magnitude  of  acoustic  beam-broadening 
produced  by  small-scale  turbulence.  Their  results, 
however,  applied  only  to  the  reduction  of  the  intensity 
in   the   forward-scatter   direction.    Fig.    1   shows  this 
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effect  schematically  where  Ao  represents  the  area  of 
the  beam  in  the  absence  of  turbulence  and  At-\-A0, 
the  area  after  turbulent  broadening.  For  application 
to  echosondes,  we  estimated  the  effect  of  the  broad- 
ening on  the  power  received  by  the  antenna.  This 
required  the  assumption  that  any  signal  backscattered 
from  the  region  outside  of  Ao  could  only  return  to 
the  main  beam  (defined  by  Ao)  through  a  second 
scattering  (a  small  effect)  and  ignores  further  effects 
of  turbulence  on  the  scattered  beam.  Brown  and 
Clifford's  results  showed  that  the  ratio  A0/(At-\-Ao) 
depended  strongly  on  frequency  or  equivalently  on 
beamwidth.  This  then  suggested,  as  a  critical  test 
of  this  interpretation  of  their  theory  and  as  a  means 
of  measuring  the  excess  attenuation,  the  simple  multi- 
beamwidth  acoustic  scattering  experiment  described 
here. 

The  theory  and  results  of  this  experiment,  which 
show  the  beamwidth  and  range  dependence  of  the 
excess  attenuation,  are  described  first.  Profile  data 
from  Neff  (1975)  are  then  interpreted  to  show  relative 
errors  comparable  with  those  found  in  this  experiment. 
Further  analysis  of  data  from  an  attempt  to  "cali- 
brate" an  echosonde,  using  a  "corner  reflector" 
mounted  on  a  tower,  suggests  that  refraction  (or 
bending)  of  the  beam  by  a  transverse  wind  may  also 
be  significant.  This  then  leads  to  an  interpretation 
of  the  data  in  terms  of  the  combined  effects  of  broad- 
ening and  refraction. 

2.  Formulation  of  the  experiment 

Our  analysis  uses  the  monostatic  echosonde  equa- 
tion (Neff,  1975),  which  relates  the  received  power  to 
the   corresponding   scattering   cross   section   per   unit 
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volume.  We  have  included  an  additional  term  LE(J) 
which  we  expected  to  correspond  to  the  ratio  A0/ 
(A o+A r).  While  the  behavior  of  LE(f)  may  be  a 
complicated  function  of  range  and  turbulence  pa- 
rameters, we  hav«  not  specified  a  particular  functional 
form  leaving  this  to  be  determined  by  the  experiment. 
Because  oNthe  differences  in  the  underlying  physical 
processes  we  have  separated  LE(f)  from  the  viscous 
and  molecular  absorption  term  which  follows  a  well- 
known  exponential  law. 
In  terms  of  measured  and/or  calculated  quantities, 


Pr 
ER 


=  PTEre-^R\ao(R,f)-  -g\le(/),  (D 

L  2  R2  J 


where : 
Pr/Er 


PtEi 


„-25ft 


received  power,  where  Pr  is  the  measured 
electrical  power  and  Er  the  efficiency  of 
conversion  from  received  power 

radiated  power,  where  Pr  is  the  electrical 
power  applied  to  the  transducer  "and  Et 
the  efficiency  of  conversion  to  radiated 
acoustic  power 

round-trip  loss  of  power  resulting  from  at- 
tenuation by  viscous  and  molecular-re- 
laxation processes,  where  a  is  the  average 
attenuation  (m_1)  to  the  scattering  volume 
at  range  R  (m) 


Fig.  1,  The  effect  of  forward-scatter  turbulent  broadening 
on  an  echosonde  beam.  A0  indicates  the  area  illuminated  in 
the  absence  of  turbulence  while  At  represents  the  increase  in 
area  after  broadening.  Since  total  power  is  conserved,  the  ratio 
io/Uo+ir)  approximates  the  decrease  in  intensity  with  this 
interpretation. 


<r0(R,f)  scattering  cross  section  per  unit  volume,  i.e., 
the  fraction  of  incident  power  back- 
scattered  per  unit  distance  into  unit  solid 
angle  at  frequency  / 

ct/2  maximum  effective-scattering  volume  thick- 
ness, where  c  is  the  local  speed  of  sound 
(m  s_1)  and  r  the  pulse  length  (s) 

4G/R2  solid  angle  subtended  by  the  antenna  aper- 
ture A  (m2)  at  range  R  (m)  from  the 
scattering  volume,  modified  by  an  effective- 
aperture  factor  G,  arising  from  the  an- 
tenna's directivity 

LE(f)  excess  attenuation,  whose  magnitude  and 
behavior  is  to  be  determined  by  the  ex- 
periment and  compared  with  the  theory 
of  Brown  and  Clifford. 

Tatarskii  (1971)  expresses  the  acoustic  backscatter 
cross  section  per  unit  volume  <r<>  as 


<ro=Gr/2)*Vr(2*)/7V, 


(2) 


where  tj>r  is  the  isotropic,  three-dimensional  spectral 
density  of  temperature  fluctuations,  k=2ir/\  the 
incident  acoustic  wavenumber  at  wavelength  X,  and 
To  the  local  mean  temperature.  When  the  spectrum 
is  expressed  in  terms  of  the  temperature  structure 
parameter 

CT*=(tT(x)-T(x+rm/ri,  (3) 

where  angle  braces  indicate  an  ensemble  average, 
x  denotes  the  location  at  which  Ct2  is  evaluated, 
and  r  is  the  separation  between  the  sensors,  Tatarskii 
(1971)  finds  the  following  expression  for  the  cross 
section : 

ao= 0.0039**  (Cr2/7Y).  (4) 

When  (4)  is  inserted  into  (1),  a  number  of  un- 
knowns remain.  However,  if  at  every  range  gate  one 
takes  the  ratio  of  the  received  power  at  each  of  two 
frequencies,  a  number  of  these  unknowns  cancel.  For 
an  echosonde  operating  at  frequencies  /i  and  /2  (wave- 
numbers  ki  and  k2),  we  then  have  at  range  R 


Pr(/i)     £i  //t\J 

PnUi)    E2  \fj 


(5) 


where  Ei  =  ER(fi)ET(fi)  with  i=  1,  2,  and  Ll2  =  LE{fi)/ 
Le(Ji)-  Since  the  efficiencies  were  not  measured  and 
may  change  with  time,  the  ratios  Ln,  which  we  cal- 
culated from  (5)  at  each  range  gate  (31,  67,  95,  125 
and  150  m),  were  normalized  by  Ln  at  the  lowest 
gate  (31  m)  to  eliminate  E\/E%.  If  excess  attenuation 
is  present  at  this  lowest  level,  this  procedure  may 
introduce  some  error  in  the  absolute  values  of  Ln- 

The  classical  and  molecular  attenuations  included 
in  the  coefficients  a.\  and  a2  were  calculated  using 
the  equations  of  Sutherland  (1975).  Surface  values 
of  humidity  and  temperature  were  used  for  this 
calculation.   We  estimated   that   this  use  of  surface 
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Fig.  2.  Histograms  of  Lu,  the  excess  attenuation  error  at 
2500  Hz  relative  to  that  at  1250  Hz,  as  a  function  of  height 
and  time  of  day  with  individual  samples  normalized  to  values 
at  30  m.  In  situ  echosonde  ratios  of  the  temperature  structure 
parameter  Ct2  from  Haugen  and  Kaimal  (1978)  are  indicated 
by  arrows.  Their  Nevada  data  (N)  were  obtained  under  con- 
ditions of  light  winds  and  moderate  daytime  convection  wheVeas 
their  Table  Mountain  data  (TM)  were  obtained  under  windier 
conditions. 


data  would  produce  an  error  of  only  a  few  percent 
at  the  short  ranges  of  interest  to  us  (150  m). 

The  frequency  dependence  in  (5)  depends  on  a  —5/3 
spectral  slope.  Any  anomalies  in  the  spectral  slope 
will  change  the  interpretation  of  the  scattering  cross 
section  in  terms  of  Ct2  as  discussed  by  Neff  (1975). 
Recent  modeling  of  the  large-wavenumber  region  of 
the  temperature  spectrum  (Hill,  1978)  suggests  that 
a  non-5/3  behavior  does  occur  and  is  a  function  of  the 
dissipation  rate.  However,  for  the  convective  boundary 
layer  where  one  finds  the  largest  excess  attenuation, 
the  dissipation  rate  varies  only  slowly  with  height 
and  is  large  enough  that  the  anomalous  spectral  region 
lies  largely  outside  the  wavenumber  range  of  the 
sounder.  Such  anomalies  should  not,  therefore,  intro- 
duce any  significant  complication  in  the  range-depen- 
dence of  Z,i2  under  these  conditions. 


3.  Experimental  results 

The  experiment  was  run  over  an  8-day  period  in 
August  1977  at  NOAA's  Table  Mountain  field  site. 


This  site,  atop  a  mesa,  was  instrumented  with  a  150  m 
tower  to  measure  wind  speed  and  direction.  Received 
powers  Pr(/i)  and  PrQi)  in  (5)  were  averaged  for 
30  min  periods  from  a  multi-frequency  echosonde  like 
that  described  by  Neff  (1975).  Altogether  some  66  h 
of  data  were  obtained ;  each  normalized,  30  min  aver- 
age for  Z,i2  was  calculated  and  is  represented  by  a  dot 
within  the  histograms  in  Fig.  2.  We  have  interpreted 
the  value  of  Le(J)  as  the  ratio  of  Ao/(AT+Ao)  (cf. 
Fig.  1).  If  the  excess  attenuation  increases  with  in- 
creasing frequency,  then  one  expects  that  LB(fi) 
>Le(Jz)  for  /2>/i.  In  the  presence  of  excess  at- 
tenuation one  should  thus  find  values  of  Z,i2  =  £b(/i)/ 
Lb(/2)  that  are  greater  than  1.0.  Some  values  in 
Fig.  2  are  less  than  1.0  because  of  scatter  in  the 
normalizing  values  of  Lu  calculated  at  31  m.  This 
implies  some  excess  attenuation  at  low  levels  that 
cannot  be  resolved  by  the  experiment  because  the 
minimum  reliable  range  of  the  echosonde  is  only 
slightly  less  than  31  m. 

Although  the  data  are  separated  according  to  night 
and  day,  the  nighttime  cases  should  not  be  considered 
fully  representative  of  the  nocturnal  boundary  layer 
because  of  the  higher  winds  and  decreased  static 
stability  during  the  periods  of  observation.  Data 
obtained  during  high  wind  (9-11  m  s-1)  conditions 
are  identified  as  such.  Although  it  is  not  a  strictly 
valid  comparison  [unless  one  assumes  minimal  excess 
attenuation  at  our  lower  frequency  (1250  Hz)],  we 
have  included  in  Fig.  2  the  in  situ  echosonde  Ct2 
comparison  errors  from  Haugen  and  Kaimal  (1978). 
Their  Nevada  data  (labeled  N)  were  obtained  under 
conditions  of  moderate  convection  and  light  winds 


1.0 


1.5  2.0 

Excess  Attenuation  (L12)  at  67m 


Fig.  3.  Scatter  plot  of  the  excess  attenuation  factor  L\%  during 
convective  conditions  against  wind  speed  at  the  67  m  tower  level. 
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similar  to  those  prevailing  during  the  majority  of  our 
daytime  cases.  Their  Table  Mountain  data  (labeled 
TM)  were  obtained  under  generally  windier  condi- 
tions. Excluding  the  higher  wind  cases,  Fig.  2  shows 
a  nearly  linear  increase  in  the  median  values  of  Ln 
with  range  that  agrees  well  with  the  Nevada  data 
of  Haugen  and  Kaimal.  Both  the  scatter  of  the  points 
about  the  median  and  the  variability  in  the  individual 
profiles  (not  shown)  suggest,  however,  a  complicated 
relation  between  excess  attenuation  and  atmospheric 
parameters. 

Because  the  data  of  Haugen  and  Kaimal  indicated 
some  effects  due  to  windiness,  we  show  in  Fig.  3 
a  scatter  diagram  relating  the  magnitude  of  the  excess 
attenuation  at  67  m  to  the  wind  speed  at  that  height. 
Although  the  excess  attenuation  depends  on  ambient 
meteorological  conditions,  it  is  clear  from  the  large 
scatter  in  this  figure  that  more  extensive  in  situ 
instrumentation  will  be  required  to  determine  func- 
tional relationships.  Similar  plots  of  excess  attenuation 
versus  wind  shear  showed  even  greater  scatter. 

Fig.  4  shows  profiles  of  Ct2  obtained  by  Neff  (1975), 
comparing  typical  echosonde  data  with  the  Z-'  profile 
predicted  by  free-convection  theory  (Wyngaard  et  al., 
1971).  These  data  were  obtained  under  convective 
conditions  with  a  capping  inversion  where,  from  the 
data  of  Frisch  and  Ochs  (1975),  it  was  expected  that 
the  falloff  would  be  less  rapid  than  the  free-convection 
prediction.  Although  it  was  speculated  (Neff,  1975) 
that  the  discrepancy  was  due  to  excess  attenuation, 
there  was  no  theory  at  that  time  to  adequately  de-  - 
scribe  the  effect.  When  the  profile  between  50  and 
200  m  is  extrapolated  to  30  m  (to  be  directly  com- 
parable with  our  normalized  values  of  Lu)  and  com- 
pared with  the  Z_*  prediction,  a  value  of  Z.i2=1.6 
results,  which  is  remarkably  consistent  with  the  data 
in  Fig.  2.  A  frequency  of  2250  Hz  was  used  in  this 
experiment. 

Data  were  also  analyzed  from  an  experiment  carried 
out  in  1972  at  the  Haswell,  Colorado,  field  site  of  the 
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Fig.  4.  Profiles  of  Cr2  derived  from  echosonde  data  by  Neff 
(1975)  compared  with  the  Z~*  profile  predicted  by  free-convec- 
tion theory.  The  discrepancy  at  150  m  corresponds  to  an 
Lu-1.6. 


Fig.  5.  Schematic  diagram  of  corner-reflector  experiment. 

Wave  Propagation  Laboratory  using  the  multi- 
frequency  echosonde  described  by  Neff  (1975).  This 
experiment  used  a  corner  reflector  mounted  at  the 
top  of  a  150  m  tower  as  pictured  in  Fig.  5.  The  antenna 
was  aimed  at  this  reflector.  The  reflector  acts  as  a 
diffraction-limited  source  with  aim  diameter  which 
reradiates  in  the  direction  of  the  receiving  antenna. 
The  amount  of  power  received  at  each  frequency 
depends  on  the  molecular  attenuation,  the  transducer 
efficiencies,  and  the  fraction  of  each  beam  intercepted 
by  the  corner  reflector  and  the  receiving  antenna. 

The  data  shown  in  Fig.  6  were  obtained  during 
a  7  mui  calibration  run  during  the  early  evening  on 
13  August  1972.  We  used  a  50  ms  pulse  length  with 
a  4  s  repetition  period.  The  amplitude  of  the  return- 
signal  varied  from  25  to  50%;  peak  values  are  plotted 
at  4  s  intervals  in  Fig.  6.  The  temperature  profile  to 
the  top  of  the  tower  was  isothermal.  The  wind  was 
about  7  m  s_1  from  the  southeast  which  was  transverse 
to  the  propagation  path.  The  effects  of  molecular 
attenuation  and  differing  transducer  efficiencies  have 
been  removed  from  the  3200  Hz  data  so  as  to  be 
directly  compared  with  those  at  1250  Hz.  The  same 
amount  of  power  was  applied  at  each  frequency  so 
that  the  narrowest  of  the  beams  (i.e.,  that  cor- 
responding to  the  highest  frequency)  was  expected 
to  lead  to  a  much  stronger  return.  In  fact,  we  ob- 
served comparable  peak  values  (posed  in  terms  of 
the  receiver  voltage  in  Fig.  6)  but  much  reduced 
average  amplitudes  and  more  rapid  fading  between 
peaks  at  the  higher  frequencies.  This  suggested  re- 
fraction effects  (or  beam-bending  by  the  wind)  that 
would  be  more  noticeable  with  the  narrower  beam. 
Because  the  first  sidelobes  were  down  by  about  15-30 
dB  at  1250  and  2500  Hz,  respectively,  we  expected 
minimal  interference  from  ground  reflections.  Because 
of  the  difficulty  in  calculating  the  fraction  of  power 
subtended  by  the  corner  reflector  (because  of  refrac- 
tion) it  was  not  possible  to  calculate  a  factor  equivalent 
to  Ln  which  we  used  in  our  Table  Mountain  data. 
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Fig.  6.  Return  signals  from  corner  reflector  (Fig.  5)  at  simultaneous  frequencies  of  1250  and  3200  Hz 
showing  diminishment  and  more  rapid  fading  of  the  signal  with  narrower  beams. 


4.  Interpretation  of  results 

Both  our  data  and  those  of  Haugen  and  Kaimal 
(1978)  clearly  confirm  the  presence  of  an  excess 
attenuation  mechanism.  However,  interpretation  of 
these  backscatter  results  in  terms  of  existing  theory 
requires  some  care.  Brown  and  Clifford  (1976)  cal- 
culated the  beam  broadening  (in  the  absence  of  beam 
wander)  in  terms  of  the  acoustic  refractive  index 
structure  function 


where  5  is  measured  along  the  beam.  For  constant 
Cn  this  becomes 


Aq+At 


■■»  { l+O^S^/WR^CV2'5}-1- 


(8) 


C»2= +— 

4T2     C2 


(6) 


where  Ct2  and  Cv2  are  the  structure  parameters  for 
temperature  and  velocity  inhomogeneities,  T  the  mean 
temperature  and  C  the  speed  of  sound.  The  fraction 
of  the  acoustic  energy  remaining  within  the  non- 
broadened  beam  pattern  corresponding  to  the  ratio 
A  o/  (A  o+A  t)  in  Fig.  1  (at  range  R  with  antenna 
diameter  D0)  is  then  given  by  CBrown  and  Clifford, 
1976,  Eq.  5) 


A0 


Ao+AT 


=    1  +  1.56£12/5D„2 


XU  \T)  c"Hs)\  I  '  (7) 


For  Cn=  10-6  and  D0=  2  m,  this  gives  a  maximum 
loss  of  about  33%  out  of  the  non-broadened  beam  at 
150  m  with  /=  2500  Hz.  Now,  if  one  assumes  that 
only  a  negligible  fraction  of  this  energy  is  returned 
to  the  receiver,  this  is  approximately  the  error  for 
the  backscatter  intensity.  Relative  to  the  error  at 
1250  Hz  this  gives  an  equivalent  Z,i2=  1.37  which  is 
somewhat  less  than  the  values  in  Fig.  2.  Eq.  (7)  does 
not  apply  in  the  near  field  of  the  antenna  although 
that  is  the  most  important  region  for  generation  of 
the  broadening  by  virtue  of  the  path  weighting  func- 
tion multiplying  C„2.  We  have  not  therefore,  nor- 
malized by  its  predictions  at  30  m  as  we  did  in  the 
experiment  analysis. 

Table  1  shows  both  absolute  and  relative  errors 
predicted  using  time-averaged  C„2  profiles  derived  from 
the  data  of  Kaimal  et  al.  (1976)  that  are  typical  for 
a  moderately  convective  boundary  layer.  However, 
in  a  convective  boundary  layer,  Ct2  varies  considerably 
over  periods  of  several  minutes.  Since  the  experimental 
values  of  Lu  are  biased  by  those  times  when  Ct2  is 


Table  1.  Relative  and  absolute  errors  predicted  by  Eq.  (7)  (relative  errors  in  parentheses 
correspond  to  a  doubling  of  Ct1). 


Height 
(m) 

Antenna  radius  = 
Absolute  error 
1250  Hz        2500  Hz 

=0.6  m 

Relative  (Ln) 
error 

Antenna  radius  = 
Absolute  error 
1250  Hz        2500  Hz 

=  1.0  m 

Relative 
(Z.u)  error 

60 
90 
120 
150 

0.97 
0.97 
0.97 
0.96 

0.87 
0.86 
0.85 
0.83 

1.11  (1.18) 

1.13  (1.20) 

1.14  (1.21) 
1.16  (1.23) 

0.93 
0.92 
0.91 
0.91 

0.72 
0.69 
0.67 
0.65 

1.29  (1.44) 
1.34  (1.49) 
1.37  (1.53) 
1.40  (1.56) 
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large  we  made  a  second  calculation,  doubling  the 
values  of  Cr2  used  in  C„2(z).  This  produced  as  much 
as  a  16%  increase  in  the  relative  error,  as  is  shown 
by  the  values  in  parentheses  in  Table  1.  Variability 
in  C„2  may  thus  account  for  much  of  the  scatter 
in  Lu  shown  dn  Fig.  2.  Since  the  antenna  beam  width 
is  a  function  of  both  frequency  and  aperture  size 
(see  below),  two  radii  were  used  for  the  calculations 
in  Table  1  to  give  an  indication  of  the  range  of 
errors  to  be  expected. 

Examination  of  the  data  in  Table  1  and  the  de- 
pendence on  range  shown  in  (8)  suggests  that  the 
'inear  increase  in  L\i  with  range  (shown  by  the  data 
n  Fig.  2)  requires  a  nearly  constant  and  large  value 
of  C„2  along  the  propagation  path.  Mean  profiles  of 
C„2  may  not,  therefore,  be  appropriate  to  a  careful 
test  of  the  theory  behind  (7)  and  its  more  detailed 
modifications  (Clifford  and  Brown,  1978)  that  include 
a  direct  calculation  of  propagation  effects  to  and  from 
the  scattering  volume. 

A  second  effect  to  consider  is  refraction  or  bending 
of  the  transmitting  beam  by  the  wind,  as  suggested 
by  the  data  in  Fig.  6.  To  estimate  this  effect,  we 
first  calculated  the  change  in  angle  of  arrival  <f>  due 
to  a  horizontal  wind  acting  on  a  vertical  beam.  This 
is  given  by  Georges  and  Clifford  (1972)  as 


Table  2.  Ratio  of  errors  at  2500  Hz  to  those  at  1250  Hz  (Ln) 
at  150  m  with  antenna  radii  of  a  =  0.6  m  and  o=  1.0  m. 


4>{z)  =  2u(z)/c 


1    f 

,     «(z)  =  -   /    u(s)ds, 

Z  Jo 


(9) 


where  u(s)  is  the  wind  speed  as  a  function  of  height, 
c  the  speed  of  sound,  z  the  height  of  the  scattering 
volume  and  temperature  gradients  are  neglected.  This 
effect  can  be  interpreted  as  a  shifting  of  the  apparent 
scattering  volume  off-axis.  Because  of  the  narrow 
receiving  beam,  the  scattered  sound  received  from 
off-axis  is  weighted  less  than  that  received  on  the 
main  axis  of  the  antenna. 

To  calculate  this  effect  we  assumed  a  beam  pattern 
characteristic  of  a  defraction-limited  circular  aperture 
(Born  and  Wolf,  1964)  which  approximates  the  radia- 
tion field  of  acoustic  antennas  (Hall  and  Wescott, 
1974).  We  define  for  a  uniformly  illuminated  antenna 
aperture,  the  radiation  pattern 


P{6): 


-2/1(27rae/X)-j2 
_    (2wad/X)    J 


(10) 


where  J\  is  a  first-order  Bessel  function,  a  the  aperture 
radius,  6  the  angle  from  the  center  of  the  beam,  and 
X  the  acoustic  wavelength.  We  integrated  the  product 
Pi(6i)P2(d2)  on  a  horizontal  grid  where  the  separation 
of  the  beam  centers  was  a  function  of  the  wind  speed 
through  (9)  and  6\  and  02  were  transformed  to  Cartesian 
coordinates.  This  calculation  of  the  received  power 
from  the  integration  of  Pi(0i)P2(02)  follows  the  for- 
mulation  of   Probert-Jones    (1962)    for   the   effective 


Error  due  to  refrac- 

Total error  due  to 

tion  of  nonbroad- 

refraction  of  a 

Wind  speed  (A) 

ened  beam 

broadened  beam 

(m  s-') 

a  =0.6  m     a  =  1.0  m 

a  =0.6  m     a  =  1.0  m 

0 

1.00 

1.00 

1.15 

1.40 

3 

1.03 

1.07 

1.17 

1.45 

6 

1.12 

1.36 

1.26 

1.64 

9 

1.27 

2.00 

1.39 

2.03 

12 

1.53 

3.35 

1.62 

2.67 

aperture  factor  used  in  (1).  We  then  normalized  the 
results  of  the  integration  to  that  obtained  with  no 
separation  to  find  the  reduction  in  received  power 
due  to  refraction. 

Since  the  transmitted  beam  will  tend  to  be  broadened 
by  small-scale  turbulence,  this  will  reduce  the  ap- 
parent effect  of  beam  refraction.  This  effect  was 
evaluated  by  adjusting  the  wavelength  in  (10)  for 
the  refracted  beam  to  produce  a  broadening  equivalent 
to  that  implied  by  (7)  at  150  m  [using  C„2  profiles 
derived  from  Kaimal  el  al.  (1976)  for  moderate  con- 
vection] and  again  computing  fPiP-i.  Since  the  power 
distribution  in  (10)  is  quite  sensitive  to  the  antenna 
aperture  radius  a,  we  used  two  values  of  this  pa- 
rameter. For  compatibility  with  Fig.  2,  the  results 
are  posed  as  the  relative  error  between  1250  and 
^500  Hz  in  Table  2.  Evidently  refraction  is  typically 
important  for  mean  winds  greater  than  6  m  s_1  while 
turbulent  broadening  diminishes  the  relative  im- 
portance of  refraction.  The  antenna  used  in  our 
experiment  had  an  aperture  radius  of  a  =1.0  m  but 
was  somewhat  nonuniformly  illuminated  so  that  its 
effective  radius  may  lie  between  the  values  a  =  0.6 
and  a=  1.0  used  in  our  calculations. 

5.  Conclusions 

The  simple  multi-frequency  experiment  described 
above  shows  that  the  effects  of  turbulent  beam  broad- 
ening and  refraction  by  a  mean  wind  on  acoustic 
backscatter  intensities  can  be  significant.  The  magni- 
tudes of  the  errors  observed  are  consistent  with  in  situ 
echosonde  comparisons  of  the .  temperature  structure 
parameter  Cr2,  as  measured  by  Haugen  and  Kaimal 
(1978),  but  somewhat  greater  than  those  predicted, 
by  present  theory.  Our  calculations  suggest  that  the 
greatest  accuracy  will  be  obtained  at  low  frequencies 
using  narrow  aperture  antennas  with  errors  in  the 
calculation  of  Cr2  predicted  to  be  as  small  as  4%. 
For  higher  frequencies  and  wider  aperture  antennas 
the  errors  are  predicted  to  be  as  large  as  100%  at 
150  m  under  typical  convective  conditions  and  as 
much  as  400%  under  windy  conditions.  Our  com- 
parisons with  theory  ignored  such  features  as  non- 
uniform illumination  of  the  antenna  aperture  and 
short-term  variability  in  the  profile  of  C„2.  These  will 
be  addressed  by  a  future  experiment  that  will  also 
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examine  the  ability  of  the  technique  to  yield  layer- 
averaged  values  of  C„2  and  hence  the  kinetic  energy 
dissipation  rate. 
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1. 


INTRODUCTION 


Acoustic  sounders  (or  echosondes)  are 
widely  used  in  boundary  layer  and  air  pollution 
studies.  Many  of  these  applications  have  relied 
on  qualitative  interpretations  of  facsimile 
records.  With  increasing  use  of  microprocessor 
technology  (Owens,  1977)  it  will  be  possible  to 
obtain  quantitative  information  on  boundary  layer 
turbulence  routinely.  Early  comparisons  of 
acoustic  backscatter  intensities  with  predictions 
from  in- situ  tower  instruments  (Neff,  1975; 
Asimakopoulos  et_  al^. ,  1976)  showed  reasonable 
agreement  with  the  scattering  theory  proposed  by 
Tatarskii  (1971) ,  but  the  measurements  were 
carried  out  at  only  one  height.  Vertical  pro-  « 
files  of  the  temperature  structure  parameter  C„ 
in  Neff  (1975)  showed  a  more  rapid  fall-off  of 
intensity  with  height  than  was  expected  from 
theory  or  experiment.  Later  measurements  by 
Haugen  and  Kaimal  (1978)  at  several  tower  levels 
confirmed  a  sound  attenuation  with  range  in 
excess  of  that  due  to  classical  and  molecular 
absorption. 

Since  the  structure  functions  of  tem- 
perature and  velocity  are  useful  descriptors  of 
boundary  layer  turbulence  (Kaimal,  1973),  the 
development  of  a  technology  to  derive  these 
quantities  from  echosonde  returns  is  of  consi- 
derable interest  (Brown,  1975;  Kerman,  1976) .  A 
resolution  of  the  "excess  attenuation"  problem  is 
an  essential  first  step  in  this  development  to 
improve  the  quantitative  evaluation  of  echosonde 
data.  Brown  and  Clifford  (1976)  reviewed  the  so- 
called  "excess  attenuation"  problem  and  applied 
forward- scatter  optical  results  to  predict  the 
magnitude  of  acoustic  beam-broadening  produced  by 
small-scale  turbulence  which  reduces  the  inten- 
sity of  the  backscattered  signal.  Brown  and 
Clifford's  results  suggested  that  the  broadening 
effect  was  strongly  beam-width  dependent.  This 
stimulated  the  simple  multi-beamwidth  acoustic 
scattering  experiment  described  here.  We  de- 
scribe the  theory  and  results  of  the  experiment 
which  confirm  the  frequency  or  beamwidth  depend- 
ence of  the  excess  attenuation.  Our  results 
suggest  that  multi-frequency  sounders  may  provide 
a  means  to  correct  for  the  attenuation.  A  more 
complete  interpretation  of  the  data  in  terms  of 
Brown  and  Clifford's  results  with  the  added 
effect  of  refraction  of  the  beam  by  a  mean  wind 
is  provided  by  Neff  (1978) . 

2.       THEORY 

Our  analysis  uses  the  monostatic 
echosonde  equation  (Neff,  1975)  which  relates  the 
range-gated  transducer  output  to  the  corre- 
sponding scattering  cross  section  per  unit 
volume.   In  terms  of  measured  and/or  calculated 
quantities 


JU  [PTET][e-2aR][ao(R,f)  .f.A  G]  -LE 

K  K 

with 

PR 

— -  =  received  power,  where  P„  =  measured  elec- 

R 

trical  power  and  ER  =  efficiency  of  con- 
version from  received  power, 


(1) 


E_,  =  radiated  power  where  P„ 


■2aR 


electrical 

power  applied  to  the  transducer  and  ET  = 

efficiency  of  conversion  to  radiated  acoustic 
power , 

round  trip  loss  of  power  resulting  from 
attenuation  by  air  where  a  =  average  attenua- 
tion (m"  )  to  the  scattering  volume  at  range 
R(m), 


a   (R,f)  =  scattering  cross  section  per  unit 

volume;  that  is,  fraction  of  incident  power 
backscattered  per  unit  distance  into  unit 
solid  angle  at  frequency,  f, 

ct/2  =  maximum  effective-scattering  volume  thick- 
ness where  c  =  local  speed  of  sound  (ms  ) 
and  T  =  pulse  length  (s), 


—x   •  G  ■  solid  angle  subtended  by  the  antenna 

R  2 

aperture  A  (m  )  at  range  R(m)  from  the 

scattering  volume,  modified  by  an  effective- 
aperture  factor  G,  arising  from  the  antenna's 
directivity. 

L_  =  excess  attenuation, 
h 

Tatarskii  (1971)  expresses  the  acoustic 
backscatter  cross  section  per  unit  volume  a  as, 

ao  =  ^  k  —5—  (2) 


where  <J>_  is  the  isotropic,  three-dimensional 

spectral  density  of  temperature,  k  =  2it/X  is  the 
incident  acoustic  wavenumber  at  wavelength  X,  and 
T  is  the  local  mean  temperature.  When  the 

spectrum  is  expressed  in  terms  of  the  temperature 
structure  parameter 


[(T(x) 


T(x"  ♦  r-))2]/r2/3 


(3) 
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where  [  ]  indicates  an  ensemble  average,  x 
denotes  the  location  at  which  C„  is  evaluated  and 

r  is  the  separation  between  the  sensors,  Tatarskii 


(1971)  finds  the  following  expression  for  the 
cross-section: 


Nighttime 


Daytime 


a     =  0.0039  k 


C2 
1/3  LT 


(4) 


When  Eq.  (4)  is  inserted  into  Eq.  (1),  a 
number  of  unknowns  remain.  However  if  at  each 
range  gate  one  takes  the  ratio  of  the  received 
power  at  each  of  two  frequencies,  a  number  of 
these  unknowns  cancel.  For  a  sounder  operating 
at  frequencies  f1  and  f«  (wave  numbers  k..  and 

k_)  we  have  at  range  R 


W  "  E2 


-2(ai-a2)R   /f2\l/3 


/r  vi/j 
*  (ff)    *  L12    <« 


where  E.  =  ER(f.)  ET(f.)  and  Lu  =   L^f^/L^)  . 

Since  the  efficiencies  were  not  measured  and  may 
change  with  time,  the  ratios  L12  which  we  calcu- 
lated from  Eq.  (5)  at  each  range  gate  were  nor- 
malized by  that  at  the  lowest  gate,  31  m,  to 
eliminate  E  /E_.  The  classical  and  molecular 

attenuation  included  in  the  coefficients  a.  and  a_ 

were  calculated  using  the  equations  of  Sutherland 
et  al.  (1975).   Surface  values  of  humidity  and 
temperature  were  used  for  this  calculation:  We 
estimated  that  this  use  of  surface  data  would 
produce  an  error  of  only  a  few  per  cent  at  the 
short  ranges  of  interest  to  us  (150  m) .  Norma- 
lized values  of  L12  were  obtained  from  Eq.  (5)  at 

range  gates  of  67,  95,  125,  and  150  m.  If  excess 
attenuation  is  greater  at  higher  frequencies  then 
the  ratios  L1 ?   should  be  greater  than  1.0  for 

fl  <  f2- 

3 .        RESULTS 

The  experiment  was  run  over  an  eight 
day  period  in  August  1977  at  NOAA's  Table  Moun- 
tain field  site.   This  site  atop  a  mesa  was 
instrumented  with  a  150  m  tower  to  measure  wind 
speed  and  direction.   Received  powers,  PR(f1) 

and  PD(f-,)  in  (5)  were  averaged  for  30-minute 

periods  from  a  multifrequency  sounder  like  that 
described  by  Neff  (1975) .  Altogether  some  66 
hours  of  data  were  obtained;  with  each  half-hour 
represented  by  a  dot  in  Fig.  1.   Although  the 
data  are  separated  according  to  night  and  day  in 
Fig.  1,  the  nighttime  cases  should  not  be  con- 
sidered as  fully  representative  of  the  nocturnal 
boundary  layer  because  of  the  higher  winds  and 
decreased  stability  during  the  periods  of  obser- 
vation.  Data  obtained  during  high  wind  (10  m  s  ) 
conditions  are  identified  as  such.  We  have  in- 

2 
eluded  the  in  situ- sounder  C_  comparison  errors 

from  Haugen  and  Kaimal  (1978)  although  this  is 
not  a  strictly  valid  comparison  unless  the  ex- 
cess attenuation  error  is  minimal  at  our  lower 
frequency  (1250  Hz).   Their  Nevada  data  (N)  were 
obtained  under  conditions  of  moderate  convection 
and  light  winds  similar  to  those  prevailing 


148m 


125m 


95  m 


67">  ..::: 


t~j — r 

N  TM 
1      2 
L 


Tin     r 

NTM 
1      2 


12 


-12 


Figure  1.     Distributions  of  £_„,  the  excess 

attenuation  error  at  2500  Hz  relative  to  that 
at  1250  Hz  as  a  function  of  height  and  time  of 
day  with  individual  samples  normalized  to  values 
at  SO  m.     In-situ  echosonde  ratios  of  the  tem- 
perature structure  parameter  (ft,  from  Haugen  and 
Kaimal   (1978)  are  shown. 


during  the  majority  of  our  daytime  cases.  Their 
Table  Mountain  data  (TM)  were  obtained  under 
generally  windier  conditions. 

Figure  2  shows  a  scatter  diagram  relat- 
ing the  magnitude  of  the  excess  attenuation  at  67  m 
to  the  wind  speed  at  that  height.  Although  a 
crude  relation  exists  it  is  clear  from  the  large 
scatter  in  this  figure  that  more  extensive  in- 
situ  instrumentation  will  be  required  to  relate 
the  excess  attenuation  to  atmospheric  parameters. 

4.        INTERPRETATION  OF  RESULTS 

Both  our  data  and  those  of  Haugen  and 
Kaimal  (1978)  clearly  confirm  the  presence  of  an 
"excess  attenuation"  mechanism.  However  inter- 
pretation of  these  backscatter  results  in  terms 
of  existing  theory  requires  some  care.  Brown  and 
Clifford  (1976)  calculated  the  beam  broadening 
(in  the  absence  of  beam  wander)  in  terms  of  the 
acoustic  refractive  index  structure  function: 


4T 


(6) 


where  C_  and  C  are  the  structure  parameters  for 

temperature  and  velocity  inhomogeneities,  T  is 
the  mean  temperature,  and  C  is  the  speed  of 
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results  in  terms  of  beam  broadening  and  beam 
refraction  is  provided  by  Neff  (1978) .  An  ex- 
periment is  anticipated  at  the  new  Boulder 
Atmospheric  Observatory  (Hall,  1977)  when  it 
becomes  operational  during  1978.  With  the  instru- 
mentation available  on  this  new  300  m  tower  it 
will  be  possible  to  explore  the  detailed  rela- 
tionship between  meteorological  parameters  and 
the  observed  attenuation  and  possibly  to  use  the 
excess  attenuation  effect  as  a  means  of  inferring 
information  about  boundary  layer  turbulence 
structure  and  to  provide  a  means  of  correcting 
for  the  attenuation  as  well. 
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Experimental  measurements  of  inhomogeneities  in  the  spatial  distribution  of  boundary-layer  aerosols,  including 
structure  and  probability  density  functions,  are  presented.  Correlations  between  the  statistics  and  meteorological 
conditions  are  discussed. 


Introduction 

Recently,  a  great  deal  of  effort  has  been  spent  in  un- 
derstanding the  nature  and  origin  of  refractive-index 
fluctuations  in  the  lower  atmosphere.  These  fluctua- 
tions strongly  affect  optical  propagation  for  bistatic 
systems.  Another  fluctuating  quantity,  the  aerosol 
backscatter  coefficient,  is  of  equal  or  greater  importance 
in  its  effects  on  monostatic  lidar  systems.  Differential 
absorption  techniques,  for  instance,  assume  constant 
backscatter  coefficients  between  spatially  or  temporally 
separated  observations.  Such  an  assumption  may  be 
good  or  bad,  depending  on  the  scales  involved.  De- 
signers of  systems  measuring  transit  times  of  aerosol 
inhomogeneities  also  need  to  understand  the  spatial 
properties  of  their  tracers.  Zuev  et  al.  l  have  studied 
several  aspects  of  the  problem,  using  a  He-Ne  two-point 
sensor  and  a  limited  data  set. 

This  Letter  presents  observations  of  the  fluctuations 
in  the  aerosol-volume  backscatter  signal,  /,  for  X  = 
10.6-jum  radiation  for  a  period  of  one  year  near  Boulder, 
Colorado.  The  observed-signal  fluctuations  are 
strongly  related  to  inhomogeneities  in  the  total  number 
of  large  aerosols.  Analysis  of  the  signals  provides  this 
first  reported  experimental  verification  of  the  applica- 
bility of  turbulence  theory  to  boundary-layer  aerosols, 
using  a  single  sensor. 

Characterization  of  aerosol  inhomogeneities  is  made 
through  features  of  the  spatial  structure  function  for 
aerosols,  defined  as  Da(r)  =  ([A(x)  -  A{x  +  r)]2),  and 
the  separation  at  which  outer-scale  effects2  occur.  Here 
A{x)  is  the  concentration  of  aerosols  at  position  x. 


Observations 

Data  were  taken  using  a  CO2  Doppler  lidar  (a  cw  sys- 
tem) aligned  parallel  to  the  mean  wind  and  focused  to 
a  range  of  150  m,  positioned  30  m  above  the  surface. 
Between  ranges  of  60  and  600  m  the  sensitivity  of  the 
lidar  is  essentially  invariant.  The  sensing  volume  was 
approximately  a  cylinder  3  cm  in  diameter  and  20  m 
long,  elevated  11°  above  horizontal.  Observations 
consisted  of  a  large  number  of  frequency  spectra  of  the 


Doppler-shifted  signal  backscattered  from  aerosols 
moving  with  the  wind.  Approximately  two  spectra  were 
processed  per  second,  and  ten  were  averaged  before 
recording.  The  effective  averaging  time  was  thus  5  sec. 
Data  runs  were  normally  20-30  min  long.  The  mean 
velocity  V(t)  and  the  total  backscattered  intensity 
versus  time  I(t)  are  available  from  these  data. 

A  Climet  Model  CI-108  particle  counter  determined 
aerosol  size  distributions  while  data  were  taken.  It 
became  apparent  that  variations  in  the  signal  /  arise 
mainly  from  inhomogeneities  in  the  number  of  large 
aerosols  (>l-/im  radius),  although  the  shape,  compo- 
sition, orientation,  and  number  of  small  aerosols  affect 
the  signal  slightly.  This  observation  agrees  well  with 
the  theoretical  response  of  the  system  R(r)  to  the 
measured  size  distributions  n(r)  (Fig.  1),  which  peaks 
near  1.5  fim.  R(r)  is  a  convolution  over  r  of  the  ex- 
pected signal  per  particle  of  radius  r  with  the  particle 
size  distribution.  Note  that  in  all  cases  the  observed 
number  densities  for  larger  aerosols  did  not  diminish 
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Fig.  1.     Response  of  system  R(r)  to  measured  size  distribution 
of  aerosols  n{r),  both  in  relative  units. 
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so  rapidly  with  radius  as  Diermendjian's3  Haze  L 
model. 

It  should  be  stressed  that  the  results  presented  in  this 
Letter,  therefore,  hold  only  for  particles  0.5  to  3.0  nm 
in  radius.  It  is  not  known,  for  instance,  whether  con- 
centrations of  smaller  aerosols  fluctuate  over  the  same 
percentage  range  as  the  larger  ones,  whether  they  fluc- 
tuate in  synchronism  with  the  larger  particles,  etc. 
However,  because  the  lidar  signal  /  is  directly  propor- 
tional to  the  concentration  of  large  aerosols  A,  it  is  jus- 
tifiable to  state  that  Da(r)  a  Dj(r). 

Analysis 

For  the  experimental  configuration  used,  the  spatial 
distribution  of  inhomogeneities  in  the  backscatter  I(x) 
may  be  derived  from  the  temporal  observations  by  as- 
sociating a  position  x  with  each  observation  time  t  as 
follows: 

t0  =  Xq  =  0, 

.  rv(tw)  +  v(tn-1)i ,,     .    . 

*n  ~  *n-l  +      ~ (tn  -  tn-i), 

n=l,2...N, 

where  V(t)  is  the  mean  velocity  for  time  t  and  N  is  the 
total  number  of  measurements. 

Strictly  speaking,  to  make  this  transformation 
properly,  one  must  show  that  the  advecting  atmosphere 
is  "frozen,"  or  stationary,  for  the  entire  observation 
period.  This  cannot  be  done.  However,  having  made 
many  observations,  we  observe  that  the  shape  of  the 
spatial  frequency  spectrum  is  essentially  maintained 
from  day  to  day,  indicating  that  the  spatial  structure  of 
atmospheric  aerosols  is  in  some  sort  of  steady-state 
motion. 

Using  I(x),  the  structure  function  Dj(r)  for  each  data 
run  is  computed  using  the  formula 

Ddr)=  <[/(*)  -J(*  +  r)]2~Da(r)>. 

Di(r)  thus  computes  the  average  difference  (squared) 
between  all  I(x)  in  the  data  set  that  are  separated  by  the 
distance  r  and,  by  arguments  presented  previously, 
represents  the  strength  of  the  aerosol-concentration 
irregularities  below  a  scale  size  r.  Theoretically,  in  the 
lower  atmosphere,  Da(r)  will  take  the  form  Da{r)  = 
C\r2/^  for  r  in  the  inertial  subrange,  or  for  separations 
r  between  the  inner  and  outer  scales,  /o  and  Lq,  respec- 
tively. C\  represents  the  intensity  of  the  aerosol  fluc- 
tuations and  is  proportional  to  the  variance  in  the 
aerosol  density.4  For  r  <  /0,  Da  (r )  is  reduced  below  the 
theoretical  level,  since  very  small  eddies  (<5  mm)  can- 
not exist  because  of  viscous  effects.  The  length  of  the 
sensing  volume  in  this  experiment  did  not  permit  ob- 
servations in  this  regime.  In  the  outer-scale  regime, 
large  eddies  (greater  than  observation  height)  cannot 
exist,  or  more  precisely  cannot  be  handled  properly  by 
isotropic  theory,  because  of  surface  effects.  Measure- 
ments presented  here,  however,  do  show  the  form  of 
Da  (r)  beyond  the  outer-scale  limit  of  30  m. 

Typical  structure  functions  for  day  and  night  con- 
ditions, plotted  on  a  log-log  format,  are  shown  in  Fig. 
2.    A  summary  of  all  data  runs,  with  characterization 
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Fig.  2.     Typical  aerosol  structure  functions  for  daytime  and 
nighttime  conditions. 


of  features  of  their  structure  functions,  is  given  in  Table 
1. 

It  was  found  that  these,  as  well  as  all  the  other 
structure  functions,  approximately  follow  the  predicted 
r2/3  relation  for  classical  isotropic  passive  additives. 
Several  significant  departures  appear,  however.  During 
daylight  conditions,  the  outer  scale  "roll-off  of  the 
structure  functions  occurs  at  larger  r  values,  typically 
200-300  m,  than  are  predicted  by  theory  for  the  30-m 
level.  At  night,  the  outer  scale  drops  to  40-60  m,  so 
isotropic  theory  holds  more  closely  for  this  noncon- 
vective  condition. 

Another  departure  appears  at  small  separations. 
Consistently,  the  slope  of  the  structure  function  was 
greater  in  this  region,  typically  nearer  %  than  %,  a  20% 
increase.  Maximum  errors  in  data  taking  and  reducing 
can  account  for  only  an  8%  increase.  This  departure  is 
due  to  the  poor  radial  resolution  of  the  lidar.  Aerosol 
inhomogeneities  smaller  than  20  m  in  diameter  are  av- 
eraged together  throughout  the  sensing  volume,  thereby 
enhancing  the  slope  of  the  structure  function  by  de- 
creasing signal  variations  at  small  scales.  Frisch  and 
Clifford5  have  treated  this  effect  theoretically.  Hill  and 
Clifford6  postulate  an  additional  increase  in  the  slope 
at  small  scales  due  to  viscous-convective  effects. 
Without  making  more  detailed  measurements  of  the 
aerosol  population,  the  combination  of  these  effects 
cannot  be  treated  analytically. 

The  diurnal  change  in  the  level  of  the  structure 
function  (the  nighttime  data  being  lower  than  the 
daytime)  is  approximately  one  order  of  magnitude. 
This  variability  is  considerably  less  than  that  experi- 
enced for  similar  temperature  fluctuations  but  is  ap- 
proximately the  same  as  that  for  velocity  fluctuations. 
This  means  that  the  mechanism  creating  and  main- 
taining aerosol  inhomogeneities  is  probably  more 
strongly  velocity  related  than  temperature  related. 

No  strong  correlation  to  general  weather  conditions 
is  apparent,  nor  does  season  of  the  year  affect  the  form 
of  Da  (r)  significantly.  An  interesting  run  is  indicated 
by  "smoke  day"  in  the  comments  column.  A  forest  fire 
approximately  10  km  upwind  of  Boulder  created  dense 
smoky  conditions  in  town.  While  the  level  of  the 
scattered  signal  increased  dramatically  (>102),  all  the 
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Table  1.    Summary  of  Data  Runs  and  Structure  Function  Characteristics 


Day 


Time 
(MDT) 


Weather 


Visibility 
(km) 


Outer  Scale 
Rollover  (m) 


Relative 
Rollover  Level 


Notes 


140 

1501 

Overcast 

163 

1446 

Clear 

163 

1534 

Clear 

176 

1506 

Partly  cloudy 

176 

1538 

Partly  cloudy 

46 

1353 

Partly  cloudy 

73 

1421 

Overcast 

82 

1556 

Cloudy 

83 

1345 

Clear 

84 

0942 

Clear 

96 

1328 

Clear 

101 

0907 

Overcast 

101 

2119 

Overcast 

104 

1429 

Partly  cloudy 

112 

1356 

Partly  cloudy 

112 

1356 

Clear 

112 

2014 

Clear 

114 

2134 

Clear 

114 

2220 

Clear 

115 

1406 

Partly  cloudy 

115 

2139 

Clear 

50 

80 

80 

MOO 

MOO 

50 

50 

70 

100 

20 

MOO 

75 

10 

75 

MOO 

MOO 

MOO 

MOO 

MOO 

75 

MOO 


M000 

1400 

750 

1900 

850 

140 

375 

1000 

250 

190 

260 

140 

590 

250 

100 

100 

80 

900 

60 

160 

60 


io- l 

W  winds 

9.0  X  IO"1 

Smoke  day 

2.2  X  IO"1 

Smoke  day 

1.6  X  10_1 

NW  winds 

1.7  X  10"1 

NW  winds 

1.5  X  10~2 

S  winds,  snow  melt 

5.2  X  IO"1 

NW  winds 

2.9  X  IO"1 

Winds  variable 

5.8  X  IO"2 

NE  winds 

1.6  X  IO"1 

SE  winds 

1.6  X  IO"1 

SE  winds 

4.1  X  IO"2 

NE  winds,  stratus 

6.0  X  IO"2 

E  winds,  foggy 

7.6  X  IO"2 

Small  cumulus 

2.3  X  IO"2 

Winds  variable 

3.0  X  IO"2 

SW  winds 

7.5  X  10~3 

SW  winds 

7.1  X  IO"2 

SW  winds 

1.2  X  10~3 

SW  winds 

1.7  X  IO"1 

N  winds 

1.2  X  IO"3 

W  winds 

Relative  Signal  Level 


Fig.  3.     Probability  density  (distribution)  function  for  typical 
data  run. 


characteristic  features  of  the  structure  function  were 
normal  for  daytime.  This  indicates  that,  in  a  50-km/h 
wind  condition,  steady  state  had  been  reached  in  less 
than  10  kM  (or  12  min). 

In  addition  to  the  structure  function,  the  probability 
density  function  was  calculated  for  each  data  run.  This 
function  measures  the  fractional  time  a  signal  spends 
between  /  and  I  +  dl,  normalized  to  the  total  range  in 


/.  The  pattern  of  all  data  was  a  consistent  one:  bell- 
shaped  but  skewed  toward  lower  intensity  levels,  as  il- 
lustrated in  Fig.  3.  This  log-normal  character  is  con- 
sistent with  the  concept  of  infrequent  enhancement  of 
large  aerosol  concentrations,  which  give  rise  to  dispro- 
portionately strong  increases  in  signal,  and  is  typical  of 
fluctuating  quantities  in  the  atmosphere. 
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1.   INTRODUCTION 

A  laser  beam  transmitted  through  a  turbulent 
field  will  develop  scintillations  due  to  optical 
refractive  index  fluctuations.   In  the  linear 
theory  (Lawrence  and  Strohbehn,  1970)  the  log- 
amplitude  variance  a   2  of  these  scintillations  is 


a  2  =  AC  V/6  R11/6 
X     n 


IlAR' 


XR 


D 

_r 

XR 


Id  »  lo   /       (1) 


Here  A  is  a  constant  which  depends  on  the  optical 
wave  type  (spherical  or  plane) ,  Cn2  is  the  refrac- 
tive index  structure  parameter,  K  =  2ttX-1  is  the 
optical  wavenumber,  R  is  the  path  length,  n  is 
the  Kolmogorov  microscale  of  the  (homogeneous) 
turbulence  along  the  path  (Tennekes  and  Lumley, 
1972) ,  and  Dfc  and  Dr  are  the  diameters  of  the 
transmitter  and  receiver  apertures.   The  function 
f  approaches  unity  as  all  three  of  its  arguments 
approach  zero. 

In  a  dry  atmosphere  Cn2  and  the  temperature 
structure  parameter  Gp2  are  related  by 


79><10 


V 


(2) 


where  P  is  the  pressure  in  millibars  and  T  is 
mean  temperature  in  Kelvin.   Thus  we  have,  from 
(1)  and  (2),  a  proportionality  between  optical 
scintillations  (ov  )  an<*  a  Pr°Perty  of  the  inter- 
vening thermal  turbulence  field  (CT2).   Since 
CT2  has  been  demonstrated  to  be  closely  related 
to  the  surface  heat  flux  (Wyngaard  et  al.,  1971), 
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this  provides  a  potential  means  of  inferring  heat 
flux  from  optical  scintillations  (Little,  1972). 
Here  we  will  briefly  report  on  a  recent  experimen- 
tal attempt  to  develop  such  a  technique. 

2.   SURFACE-LAYER  THEORY 

In  the  surface  layer  (the  first  few  tens  of 
meters)  of  a  horizontally  homogeneous  atmospheric 
boundary  layer,  the  turbulence  structure  is  be- 
lieved to  follow  rather  simple  similarity  scaling. 
This  scaling  is  discussed  in  detail  in  a  recent 
survey  volume  (Haugen,  1973).   For  CT2,  data  re- 
ported by  Wyngaard  et  al.  (1971)  follow 


=  T. 


2  -2/3 


g3(z/D 


(3) 


where  T#  is  a  scaling  temperature,  L  is  a  scaling 
length,  and  z  is  the  height.   Under  very  unstable 
(convective)  conditions,  it  was  found  that 
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dependence  is  observed  to  extend  well 


above  the  surface  layer  (Kaimal  et  al.,  1976) 

s 

3 


We  introduce  the  definitions  of  T^  and  L, 


L  = 


kgQQ 
-Q  /",. 


(6) 
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where  ufc  ■  /r0/p  (Tp  is  the  surface  stress  and 
p  the  air  density),  k  =  0.35  is  the  von  Karman 
constant,  and  Q0  is  the  surface  temperature  flux 
(ms~l  C),  which  we  will  loosely  call  the  heat 
flux.   Combining  (5)  and  (6)  gives 


=  2.7 


(!) 


-2/3  _  A/3  -4/3 


(7) 


under  very  unstable  (convect ive)  conditions .  By 
combining  (1),  (2),  and  (7)  we  see  that  in  this 
unstable  limit, 


<o  2)3/4 
X 


(8) 


All  data  were  recorded  digitally  and 
processed  for  1024  sec  runs.  We  processed  over 
100  such  runs,  and  analyzed  the  data  carefully. 
Complete  results  will  be  presented  in  a  journal 
article,  but  we  will  briefly  survey  them  here. 

Fig.  2  shows  scatter  plots  of  mean  wind  u, 
wind  component  standard  deviations  ou,  av,  aw, 
friction  velocity  u*  (found  via  a  profile  tech- 
nique) ,  stress  uw,  heat  flux  9w,  and  temperature 
standard  deviation  Oq,  all  obtained  from  the  two 
4  m  masts  along  the  optical  path.   There  is  no 
indication  of  systematic  differences,  which  is 
consistent  with  (but  of  course  does  not  prove) 
horizontal  homogeneity. 


Thus  the  detection  of  scintillations  over  a 
horizontal  path  in  the  unstable  surface  layer 
should  allow  one  to  infer  the  vertical  heat  flux 

V 

3.   THE  EXPERIMENT 

We  used  a  300  m  path  on  Table  Mountain,  north 
of  Boulder.  The  fetch  was  extremely  flat  and 
uniform  for  2  km  upwind  of  the  path.  A  He-Ne 
laser  (X=.6328  ym)  was  mounted  at  z-4  m;  it  had 
a  0.8  mm  transmitter  aperture  (effectively  a 
point  source)  and  a  16  mm  receiver  aperture. 
Three-component  sonic  anemometers,  each  with 
13  pm  diameter  Pt  fast-response  thermometers, 
were  located  at  4  m  height, 120  m  and  180  m  from 
the  laser.  C™2  was  measured  directly,  at  the 
mast  nearer  the  laser,  by  means  of  the  temper- 
ature-difference variance  relationship 


(e, 


e2)2  r-2/3 


(9) 


at  z=4  m,  using  r=0.30  m  and  2.5  pm  diameter  Pt 
wires.  Fig.  1  shows  a  schematic  of  the  experi- 
ment. 


Figure  1.     A  schematic  of  the  optical 

heat  flux  experiment.     The  300  m 

path  was  4  m  above  the  surface. 


Figure  2.     Scatter  plots  of  the  statistics 

at  the  Wo  4  m  masts.     The  solid 

lines  indicate  equality.     Units  mt   s,   C. 
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The  temperature  structure  parameter  CT 
ranged  over  two  orders  of  magnitude  during  the 
runs.  We  examined  the  CT2  values  inferred  from 
the  scintillations  with  those  measured  directly 
to  determine  if  the  optical  effects  remained 
within  the  range  of  the  linear  theory  of  (1) • 
We  define,  from  (1)  and  (2) 


% 


„x2(i!sia^y2i-ilc-"v"/V1   ,io, 


We  used  A=0.123  (spherical  wave)  and  f  values 
based  on  the  aperture  sizes  and  the  Tatarskii 
(1971)  form  of  the  temperature  spectrum  (a 
Kolmogorov  inertial  range  and  a  Gaussian  tail) . 
The  n  values  were  found  from  its  definition, 
n  =   (v3/e)1'1*,  where  v  is  kinematic  viscosity  and 
e  is  the  dissipation  rate  of  turbulent  kinetic 
energy  per  unit  mass.  We  inferred  £ 
using  a  similarity  relation  deduced  from  the 
Kansas  1968  and  Minnesota  1973  experiments. 


from  ow  /z, 


The  ratio  C'p2)iaser/Cx2  for  all  data  is  shown 
in  Fig.  3.  Apart  from  a  few  anomalously  high 
points  at  very  low  Cj 2   values  (which  might  be  due 
to  spurious  scintillation  from  causes  other  than 
refractive  index  fluctuations),  there  is  no  indi- 
cation of  a  trend.  Thus  we  conclude  that  the 
linear  theory  holds,  and  that  there  is  no  evi- 
dence of  saturation  of  scintillations,  a  non- 
linear effect. 
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Figure  3.     The  ratio  of  CT2  values 

inferred  from  the  scintillations 

to  those  measured  directly,   versus   CT2. 

The  linear  theory  also  assumes  the  tempera- 
ture field  is  locally  isotropic,  which  implies 
that  the  temperature  difference  variance  is  in- 
dependent of  the  direction  of  the  (small)  sepa- 
ration r.  We  tested  this  by  using  two  sets  of 
temperature  difference  sensors  at  the  same  (4  m) 
height,  and  the  same  (0.30  m)  separation,  but 
with  different  separation  directions.  The 
results  of  several  300  sec  runs  (Fig.  4)  are 
consistent  with  local  isotropy. 

Another  test  of  local  isotropy  is  the 
relation  (Wyngaard  et  al.,  1971) 


=  4  K 


5/3 


(ID 


where  <J>T  is  the  inertial  subrange  of  the  one- 
dimensional  (streamwise)  temperature  spectrum. 


0.2  0.4  0.6  0.8  1.0  1.2 

(A 0)2  r"2'3  (streamwise  separation) 


Figure  4.     A  test  of  local  isotropy  of 
the  temperature  field. 

We  evaluated  the  right  side  of  (11)  using  a  modi- 
fied Taylor's  hypothesis  (Wyngaard  and  Clifford, 
1977b)  to  convert  frequency  spectra  to  $j.     We 
evaluated  the  left  side  of  (11)  using  the  tempera- 
ture difference  variance,  (9).  The  results  for 
1024  sec  runs,  using  frequencies  near  10  Hz,  are 
compared  in  a  scatter  plot  in  Fig.  5.  They  too 
are  consistent  with  local  isotropy. 
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Figure  5.     A  comparison  of  directly- 
measured  C.p2  values   (ordinate)  with 
those  inferred  from  inertial 
range  spectral  levels   (abscissa) . 


49 

164 


In  summary,  the  results  presented  in 
Figs.  2-5  are  consistent  with  horizontal  homo- 
geneity, linear  optical  propagation,  and  locally 
isotropic  turbulence.  These  are  the  principal 
assumptions  underlying  the  propagation  theory  and 
its  prediction  (1) . 

The  prediction  (1)  also  includes  a  dependence 
on  the  function  f.   The  determination  of  f  is 
difficult  for  two  reasons.   First,  it  requires 
knowledge  of  the  Kolmogorov  microscale  n,  which 
is  difficult  to  measure.  Second,  f  requires 
knowledge  of  the  form  of  the  temperature  spectrum 
at  dissipation  range  scales,  and  there  is  recent 
evidence  (Champagne  et  al.,  1977;  Hill,  1977) 
that  the  Tatarskii  form  is  not  a  good  model. 
Therefore  from  an  applications  point  of  view,  it 
would  be  desirable  if  f  could  be  treated  as  a 
calibration  factor  to  be  determined. 

With  this  in  mind,  we  prepared  a  plot  of  Q0 
versus  (Oy2)3'",  which  as  suggested  earlier 
should  be  linear  under  very  unstable  conditions. 
We  took  QQ  to  be  the  average  of  the  w9  values 
measured  at  the  two  4  m  masts.   Fig.  6  shows  the 
results  for  all  unstable  data;  surprisingly,  the 
linear  relation  holds  well  for  the  entire  experi- 
ment. The  proportionality  factor  depends  on  f, 
K,  R,  and  A,  and  thus  will  change  with  experiment 
geometry,  of  course,  but  the  nearly  linear  rela- 
tion between  (a2)3'1*  and  Q  should  be  general. 


Q0,  ms"1C 


Figure  6.     The  3/4  power  of  the  log- 
amplitude  variance  versus  the  heat  flux. 


0.4 


4.   CONCLUSIONS 

We  have  found  that  the  linear  relation 
between  vertical  heat  flux  and  the  3/4  power  of 
log-amplitude  variance,  expected  for  very  unstable 
surface  layer  conditions,  is  a  useful  approxima- 
tion even  for  only  slightly  unstable  conditions. 
There  are  reasons  to  believe  a  path-averaged  heat 
flux  measurement  is  more  representative  and 
requires  much  less  averaging  time  than  point 
measurements  (Wyngaard  and  Clifford,  1977a). 
Thus  for  operational  applications  the  optical 
heat  flux  technique  is  attractive. 
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THE  DULLES  AIRPORT  PRESSURE -SENSOR  ARRAY  FOR  GUST- FRONT 
DETECTION  —  SYSTEM  DESIGN  AND  PRELIMINARY  RESULTS 


A.  J.  Bedard,  Jr.  and  W.  H.  Hooke 
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1. 


INTRODUCTION 


In  response  to  an  urgent  need  for  low- 
level  wind-shear  information  at  air  terminals, 
the  Wave  Propagation  Laboratory  of  NOAA  has 
developed  and  installed  an  experimental  wind- 
shear  detection  system  at  Dulles  International 
Airport,  where  it  is  currently  being  evaluated. 
Dangerous  wind  shear  can  normally  be  classified  in 
two  ways:   either  as  extending  over  large  areas, 
as  it  does  when  associated  with  warm  frontal 
passages,  or  as  being  highly  localized,  as  it 
is  when  resulting  from  thunderstorm  downbursts 
(as  described  by  Fujita  and  Byers,  1977)  or  gust 
fronts  (extensively  documented  by  Goff,  1976, 
Greene,  et  al.,  1977  and  the  references  therein). 
The  Dulles  system  consists  of  two  major  elements 
--a  hybrid  acoustic-microwave-radar  system  for 
providing  a  detailed  height  profile  of  the  wind 
directly  above  the  sensor  (and  hence  providing  a 
useful  picture  when  the  shear  condition  is  wide- 
spread) and  a  dense  surface  array  of  pressure 
jump  detectors  for  detecting  the  development  and 
motion  of  the  more  localized  features.  This 
system  in  its  dual  and  complementary  aspects  has 
been  described  recently  in  companion  papers 
appearing  in  the  Society's  Bulletin  (Hardesty,  et 
al.,  1977;  Bedard,  et  al.,  1977).  In  addition, 
the  design  of  the  pressure  jump  detectors  them- 
selves has  been  described  by  Bedard  and  Meade 
(1977);  Bedard  and  Cairns  (1977)  and  Bedard  and 
Beran  (1977)  give  further  information. 

While  it  is  generally  agreed  that  sur- 
face arrays  of  in  situ  sensors  are  useful  for 
tracking  the  progress  of  thunderstorm  gust 
fronts,  there  remains  some  unofficial  but  none- 
theless spirited  controversy  concerning  which 
kind  of  surface  sensor  should  be  optimum  for 
gust-front  detection.   To  put  it  more  precisely, 
the  question  is  whether  we  should  monitor  gust- 
front-associated  changes  in  wind  speed  and  dir- 
ection or  whether  we  should  focus  on  the  related 
pressure  changes.   Proponents  of  the  former  argue 
that  it  is  wind  velocity  itself  that  is  most 
relevant  to  aviation  and  hence  wind  velocity  that 
ought  to  be  measured,  whereas  proponents  of  the 
latter  point  out  that  the  surface-pressure  changes 
are  better  indications  of  conditions  aloft,  where 
the  plane  is,  because  they  measure  changes  in  the 
integrated  air  mass  above  the  sensor.   Auxiliary 
questions  also  remain  concerning  the  optimum 
geometry  and  spatial  density  of  the  sensor  arrays, 
false  alarm  rate,  and  miss  rate  of  the  system, 
etc.  To  resolve  these  issues  requires  data,  and 
the  Dulles  system  has  been  designed  and  operated 
with  just  such  a  goal  in  mind.   In  addition  to 
approximately  120  pressure-jump  (dP)  sensors 
(Bedard  and  Meade,  1977)  deployed,  it  also  in- 
cludes ten  anemometers,  sixteen  pressure  sensors, 
and  two  temperature  sensors.   Figures  1  and  2 
show  the  positioning  of  these  instruments  rela- 
tive to  the  Dulles  runways.   Thus  the  Dulles 
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Figure  1.     Anemometer  sites  in  the  Dulles  system. 
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Figure  2.     Absolute  pressure  sensor  sites  in  the 
Dulles  system. 

system  provides  a  means  for  detecting  cold-air 
outflows  from  thunderstorms,  measuring  the  spatial 
structure  of  their  surface  properties,  and  relat- 
ing these  to  the  resulting  wind  shear  and  the 
local  meteorology.  This  complex  of  instruments 
has  been  operating  for  several  months  now,  and 
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while  data  acquisition  is  continuing  and  our 
statistical  analysis  is  only  in  the  early  stages, 
it  is  already  possible  to  see  some  of  the  ad- 
vantages and  shortcomings  of  the  various  moni- 
toring approaches.  This  paper  highlights  these 
approaches  by  presenting  data  from  selected 
events.  The  results,  though  quite  preliminary, 
suggest  (perhaps  unsurprisingly)  the  advantages 
of  hybrid  systems  (including  both  wind  and  pres- 
sure sensors)  f*br  operational  use. 

2.        THE  SELECTED  EVENTS 

From  the  available  Dulles  data  we  have 
selected  well  over  one  hundred  events,  including 
not  only  gust  fronts,  but  other  phenomena  that 
range  from  intense  squall  lines  to  the  very 
weakest  wind  gusts.  These  manifest  themselves 
through  wind  surges,  pressure  rises  recorded  by 
the  pressure  sensors,  pressure  jumps  sufficient 
to  trigger  the  jump  detectors,  large  wind-shear 
recorded  by  the  acoustic-sounder  system,  and 
combinations  of  the  above.  Here  we  present  a 
selection  of  these  observations  which  we  feel 
show  the  diversity  inherent  in  the  phenomenon. 
All  are  either  related  to  gust  fronts  (through 
association  with  thunderstorms  reported  by  the, 
Weather  Service  or  on  radar)  or  illustrate  some 
property  important  for  use  in  detection  systems. 
The  cases  include  the  following: 

I.  20  July  1977  —  Spatially  uniform  and 
readily  interpretable  surface  wind  surges 
accompanying  a  gust-front  cold-air  outflow. 

II.  25  July  1977  —  a  gust-front  change  in  wind 
direction  with  no  accompanying  change  in 
speed. 

III.  7  August  1977  —  a  gust  front  showing  the 
impulsive  nature  common  to  many  wind- 
speed  surges  caused  by  thunderstorms. 

IV.  2  May  1977  —  a  gust  front  associated  with 
large  and  continuous  changes  in  wind  azi- 
muth and  speed. 

V.  10  June  1977  —  a  gust-front  showing  con- 
siderable spatial  irregularity  in  winds 
but  not  in  surface  pressure. 

VI.  8  August  1977  —  a  gust  front  showing  spatial 
complexity  in  both  the  surface-wind  and 
pressure  fields. 

VII.  8  July  1977  —  large- amplitude  pressure 
changes  caused  by  gravity  waves. 

Case  I.   Spatially  uniform  and  readily  inter- 
pretable surface  wind  surges  accompanying  a 
gust-front  cold-air  outflow. 

On  20  July  1977,  nocturnal  thunder- 
storms occurred  to  the  north  of  the  Dulles  sys- 
tem causing  a  gust  surge  in  the  wind  to  pass 
over  the  site  at  about  0400  EDT,  as  shown  in 
Figure  3.   Figure  4  presents  the  pressure  data 
for  the  absolute  pressure  sensor  near  the 
anemometer  Al  location,  which  indicates  that 
the  gust  surge  and  pressure  rise  arrived  essen- 
tially simultaneously.   For  this  event,  the 
pressure  rise  was  about  1.4  millibars  and  was 
constant  across  the  array  of  pressure  sensors 
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Figure  3.     Example  of  a  wind  surge  for  the  ease 
of  20  July  1977. 
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Figure  4.     Absolute  pressure  data  for  the  case  of 
20  July  1977. 


to  within  0.15  millibar,  as  it  moved  with  a 

nearly  uniform  propagation  speed  of  about  8ms 
from  the  north.   Figure  5  depicts  the  maxima 
for  the  wind  surges  observed  by  all  of  the 
(operating)  anemometers.  The  solid-line  vector 
at  the  lower  left  of  the  figure  defines  the 
wind  speed  scale  for  all  the  maximum  winds 
associated  with  the  event.   (In  corresponding 
figures  for  the  case  studies  to  follow,  a 
dashed  line  vector  also  appears  at  the  lower 
left  of  the  figure,  defining  the  wind-speed 
scale  for  the  winds  measured  just  prior  to  the 
onset  of  the  event.  However,  for  this  case 
the  winds  prior  to  the  event  are  essentially 
calm  and  hence  are  not  shown.)   There  is  very 
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Dulles  Anemometer  Sites 
20  July  1977 
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Figure  5.      Surface  wind  vectors  before  and  at 
the  peak  of  the  disturbance  of  20  July  1977. 


little  spatial  variability  revealed  in  either 
the  pressure  or  anemometer  data  for  this  event. 
Unfortunately,  from  the  standpoint  of  airport 
operation,  such  unique  events,  showing  relatively 
uniform  surface  effects  and  easily  interpreted 
azimuth  variations,  do  not  appear  to  be  the  rule. 
The  cases  that  follow  indicate  that  the  detec- 
tion problem  is  frequently  more  complex. 

Case  II.  A  gust-front  change  in  wind  direction 
with  no  accompanying  change  in  speed. 

On  25  July  1977,  the  Dulles  area  ex- 
perienced thundershower  activity  with  cloud 
tops  reaching  7  km.   Shortly  before  1800  EDT, 
a  disturbance  from  storms  northwest  of  the  site, 
propagated  across  the  array  at  a  speed  of 

13  m  s   ,  producing  a  pressure  rise  of  about 
0.9  mb  over  a  450-second  period.  This  event  was 
particularly  noteworthy  because  the  gust  front 
produced  a  change  in  wind  direction  with  little 
corresponding  change  in  the  wind  speed  itself. 
As  indicated  in  Figure  6,  the  event  is  clearly 
evident  in  the  wind  direction  data  but  not 
immediately  discernible  in  the  wind  speed;  the 
average  change  in  the  wind  vector  amounted  to 

some  4.7  m  s~  .   However,  all  other  events  de- 
tected at  Dulles  have  shown  a  significant  change 
in  wind  speed.  While  this  case  does  suggest  the 
importance  of  measuring  the  wind  vector  rather 
than  the  wind  speed,  it  has  proved  so  far  to  be 
unique,  a  point  considered  in  more  detail  in  the 
discussion  of  Case  IV.   Case  II  also  illustrates 
considerable  spatial  and  temporal  variability 
in  the  wind.   Figure  7,  which  shows  wind  vectors 
before  and  during  the  event,  reveals  large 
differences  in  the  wind  behavior  from  site 
to  site;  for  example,  the  difference  between 
the  anemometer  readings  during  the  event  at 
sites  A6  and  A3  amounts  to  a  factor  of  three. 
The  corresponding  spatial  variations  in  pressure 
are  relatively  minor  amounting  to  no  more  than 
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Figure  6.     Case  of  25  July  1977  showing  an  abrupt 
change  in  wind  vector  with  little  surface  wind 
speed  disturbance. 
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Figure  7.     Surface  wind  vectors  before  and  after 
the  direction  shift  on  25  July  1977. 


a  factor  of  30%.  This  point  is  considered  in 
more  detail  in  the  discussion  of  Cases  V  and  VI. 

Case  III.  A  gust -front  showing  the  impulsive 
nature  common  to  many  wind- speed  surges  caused 
by  thunderstorms. 

Two  events  of  7  August  1977  provide 
examples  of  impulsive  wind  surges  caused  by 
thunderstorm  outflows.   Figure  8  shows  the  wind 
speed  and  direction  data  for  one  of  the  anemom- 
eters (A9)  and  indicates  the  two  events.   In 
both  cases  the  largest  fraction  of  the  wind 
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Figure  8.     Example  of  anemometer  data  on  7  August 
1977  illustrating  the  impulsive  nature  of  gust 
fronts . 


speed  change  occurs  in  well  under  10  minutes, 
the  onset  of  the  surge  being  more  rapid  than 
the  following  decay.  The  relatively  short 
duration  of  the  peak  winds  compared  to  the  dura- 
tion of  the  events  themselves  suggest  that  the 
gust  front  is  most  violent  in  a  relatively  small 
region  (e.g.,  2  km)  near  the  head.  Some  change 
in  wind  azimuth  also  occurs  during  the  events. 
Figures  9  and  10  show  the  corresponding  wind- 
vector  summaries  from  the  anemometer  array. 
Although  there  is  some  spatial  variability  in 
the  surface  peak- wind  surges,  the  vector  maxima 
are  all  within  a  factor  of  two  of  one  another. 
A  pressure  jump  of  1.1  mb  was  recorded  on  a 
standard  barograph  near  the  Al  site  with  rise 
times  of  7  minutes  and  2  minutes  for  the  first 
and  second  events  respectively.  Unfortunately, 
a  lightning  strike  caused  the  loss  of  the  ab- 
solute pressure  sensor  array  data.   The  pressure- 
jump-detector  array  did  not  respond  to  the  slower 
rise  time  of  the  first  event,  but  it  did  trigger 
on  the  second  event  and  revealed  that  the  speed 
of  the  gust  front  changed  considerably  as  it 
propagated  over  the  site.  When  it  entered  the  1 
array,  the  gust  front  was  moving  with  a  20  m  s 
motion  from  the  northwest;  by  the  time  it  was 
exiting,  however,  its  speed  had  been  reduced  to 

5ms  .  This  is  statistically  unusual;  by  far 
the  majority  of  such  disturbances  are  observed  to 
propagate  with  nearly  uniform  speed  across  the 
array. 

Case  IV.  A  gust- front  associated  with  large 

and  continuous  changes  in  wind  azimuth  and  speed. 

On  2  May  1977  an  abrupt  wind  surge 
occurred,  with  wind  speed  increasing  by  more 


Figure  9.     Surface  wind  vectors  before  and  at  the 
peak  of  the  first  disturbance  on  7  August  1977. 
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Figure  10.     Surface  wind  vectors  before  and  at  the 
peak  of  the  second  disturbance  on  7  August  1977. 


than  10  m  s   within  5  minutes  (Figure  11),  in  a 
fashion  analogous  to  that  of  the  events  in  Case 
III.  During  the  event,  wind  direction  changed 
dramatically  and  continuously  from  270°  clockwise 
through  north  to  20°.   Even  after  passage  of  the 
gust  front  itself,  the  wind  kept  changing  con- 
tinuously in  time,  eventually  coming  from  due 
east  and  finally  from  the  southeast  before  the 
winds  died  down.  Interestingly,  the  event  was 
detected  only  by  the  northeast  sector  of  the 
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Figure  11.     Example  of  anemometer  data  on  2  May 
1977  illustrating  the  large  changes  in  wind 
direction  that  can  accompany  the  disturbed 
portion  of  a  gust  surge. 


array,  making  velocity  determinations  more  diffi- 
cult.  However,  indications  from  the  acoustic 
sounder  data  indicate  that  it  was  propagating 
from  the  northwest.  This  event  points  up  the 
need  for  relatively  densely  spaced  multiple 
sensors  for  such  events  in  order  to  provide 
accurate  estimates  of  the  shape  of  the  front  and 
its  propagation. 

Case  V.   A  gust  front  showing  considerable 
spatial  irregularity  in  winds  but  not  in  surface 
pressure. 

On  10  June  1977,  the  Dulles  area  ex- 
perienced rain  with  cloud  tops  at  the  7  km 
level  in  the  late  afternoon  and  early  evening. 
During  this  time,  the  system  data  showed  a  pres- 
sure jump  propagating  from  the  north  at  just 

under  11  m  s"  ;  the  pressure  increase  amounted 

to  2  mb  over  500  seconds,  as  shown  in  Figure  12, 

for  the  P  1  and  P  2  sites, 
o      o 


Figures  13  and  14 


show  the  corresponding  wind  traces  from  the 
respectively  colocated  anemometers.  At  site  Al 

only  a  single  wind  surge  with  a  12  m  s   maximum 
is  evident,  occurring  at  about  1820  EDT.  At 

A2  a  smaller  initial  surge  (8ms  ),  occurring 
at  about  1830  EDT  is  followed  by  yet  another 

surge  (9  m  s"  ).   During  both  events,  wind- 
direction  changes  are  small.  Clearly,  in  a 
case  like  this,  a  large  number  of  wind  sensors 
in  a  surface  array  is  required  to  provide  an 
unambiguous  picture  of  the  low-level  airflow; 
a  few  sensors  might  give  a  quite  misleading 
picture  of  the  event.   It  should  also  be  noted 
that  the  apparent  discrepancy  between  the  anemom- 
etry  data  and  the  pressure -sens or  system  can 
be  resolved  if  we  recall  that  the  wind  sensor 
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Figure  12.     Absolute  pressure  data  for  the  case 
of  10  June  1977. 
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Figure  13.     Example  of  anemometer  data  on  10  June 
1977  for  Al. 

measures  the  local  wind  while  the  pressure  sensor 
measures  the  total  mass  of  the  air  above  it  (if 
we  ignore  inertial  effects) .  Because  the  two 
instruments  are  sensing  different  height  regions 
of  the  atmosphere,  we  may  quite  naturally  expect 
them  to  show  different  results  on  occasion. 

Case  VI.  A  gust  front  showing  spatial  complexity 
in  both  the  surface-wind  and  pressure  fields. 

In  the  afternoon  and  early  evening  of  8 
August  1977  severe  storms  hit  the  Dulles  area, 
causing  1-1/2"  rains  and  leveling  trees.  These 
storms  began  to  the  south  and  then  broke  out  to 
the  north.  The  Dulles  array  data  show  that 
three  pressure  jumps  occurred  during  a  one-hour 
interval,  the  third  and  largest  amounting  to 
about  2  mb  in  5  minutes.  Each  of  the  pressure 
jumps  showed  surface  wind  changes  during  a 
period  when  the  surface  winds  remained  generally 
disturbed  and  exhibited  significant  veering. 

Figure  15  shows  the  event  as  it  appeared 
on  the  pressure  jump  detectors.  Solid  circles 
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Figure  14.     Example  of  anemometer  data  on  10  June 
1977  for  A2. 


on  the  figure  show  the  locations  of  the  detectors, 
whereas  the  numbers  above  the  sensor  location 
refer  to  the  key  at  left,  giving  the  time  interval 
during  which  the  respective  sensors  first  detected 
the  gust-front-associated  pressure  rise.  Thus, 
for  example,  designator  2  (D2)  refers  to  the  time 
interval  between  1915  and  1918  EDT,  at  which  time 
D3  is  set.   (The  sites  that  apparently  did  not 
respond  were,  in  fact,  either  unconnected  at  this 
time  (western  segment)  or  had  phone-line  problems 
(south-west)  because  of  lightning  damage.)   Thus 
the  progression  of  the  numbers  indicates  the 
progress  of  the  pressure  jumps.  The  initial 
disturbance  propagated  from  the  southwest  at  10 

m  s  .,  producing  a  small  surge  in  surface  wind. 
A  subsequent  "burst"  of  triggers  developed  to  the 
north,  as  indicated  by  designator  3,  in  an  area 
shaded  for  emphasis.  Although  analysis  of  this 
event  is  in  its  preliminary  stages,  it  would 
appear  that  a  "downburst"  of  the  type  described 
by  Fujita  and  Caracena  (1977)  could  have  caused 
the  pattern.  Thus,  this  case  again  indicates  the 
importance  of  using  dense  arrays  in  order  to 
detect  and  interpret  complex  situations. 

It  might  be  noted  parenthetically 
that  in  addition  to  the  pressure- jump  detectors, 
a  large  number  of  anemometers,  pressure  sensors, 
and  the  acoustic  sounder  installation  were 
knocked  out  by  lightning.  This  points  up  the 
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Figure  15.     Pressure  Jump  detector  array  data  for  the  case  of  8  Aug.    1977 
illustrating  a  spatially  complex  event. 
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critical  need  for  "hardening"  the  system  by  pro- 
viding auxiliary  power  sources,  etc. ,  in  order 
•  to  keep  the  system  operational  under  such  adverse 
but  important  conditions. 

Case  VII.   Large  amplitude  pressure  changes 
caused  by  gravity  waves. 

During  the  night  of  8  July  1977,  a  wave- 
like pressure  disturbance,  with  a  400- second 
period,  propagated  across  the  array  with  a  phase 

speed  of  about  8ms   from  the  north  (Figure  16) . 
The  weather  radar  summary  showed  no  echoes  in  the 
region  at  the  time  of  this  event  and  were  unable 
to  relate  this  disturbance  (which  did  cause 
pressure- jump  detector  triggers)  to  any  surface 
weather  feature.  The  most  probable  explanation 
is  that  the  event  is  due  to  a  gravity  wave  of  the 
type  reviewed  by  Gossard  and  Hooke  (1975)  and 
routinely  detected  by  acoustic  echo  sounders 
(e.g.,  Hooke  et  al.,  1972;  Beran  et  al.,  1973). 
Indeed,  the  Dulles  monostatic  sounder  records 
indicate  an  inversion  of  about  350  meters  depth 
with  200-m  perturbations  at  the  time  of  the 
event.   Further  support  to  the  wavelike  nature  of 
the  disturbance  is  given  by  the  validity  of  the 
impedance  relation  (Gossard  and  Munk,  1954; 
Kjelaas  et  al.,  1975)  applied  to  this  case,  which 
relates  the  phase  speed,  c,  to  the  ratio  of  the 
pressure  and  velocity  perturbations  (dp  and  du 
respectively)  through  the  formula 

c   p  du  ' 


where  p  is  the  background  atmospheric  density. 
The  measured  and  computed  values  of  the  induced 

velocity  perturbations  are  9.3  m  s   and  8.4  m  s 
respectively.   It  should  be  noted  that  while 
this  event  was  not  associated  with  a  gust 
front  per  se,  it  did  produce  updrafts  and  down- 
drafts  of  the  order  of  ±1  m  s   near  the  ground, 
which  could  be  hazardous  to  aircraft  especially 
if  there  were  many  cycles  which  excited  an  air- 
craft or  control  resonance  (e.g.,  Chimonas, 
private  communication) .   Further,  even  the  hori- 
zontal wind  field  vector  changes  (9ms   accom- 
panied by  wind  direction  shifts  of  180°)  them- 
selves could  be  dangerous.  It  is  therefore  doubt- 
ful whether  such  events  should  be  considered 
false  alarms. 


3. 


THE  TIME  HISTORIES  OF  THE  INDIVIDUAL 
EVENTS 


Bedard  and  Beran  (1977)  review  past 
measurements  treating  the  relative  arrival  times 
of  pressure,  temperature  and  wind  disturbances. 
However,  more  statistics  are  needed  concerning 
these  temporal  relationships.   Figure  17  (after 
Bedard  and  Cairns,  1977)  presents  data  taken 
near  O'Hare  International  airport  during  the 
summer  of  1976,  depicting  the  time  differences 
between  the  arrival  of  the  peak  of  the  pressure 
and  the  peak  of  the  wind  disturbances.  Using 
propagation  speeds  determined  from  the  pressure 
sensor  array,  we  computed  equivalent  distances 
for  each  of  the  time  differences.   In  eight  out 
of  eleven  cases  the  pressure  disturbance  arrived 
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Figure  16.     Absolute  pressure  data  for  a  gravity- 
wave  event. 
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Figure  17.     Relative  arrival  times  of  pressure 
jump  and  gust  surge  maxima  as  a  function  of 
equivalent  distance  in  km. 


coincident  with  or  prior  to  the  arrival  of  the 
surface  wind  surge.   In  the  two  cases  in  which 
the  wind  surge  occurred  well  prior  to  the  pressure 
jump,  dp  triggers  were  not  caused.  They  also 
seemed  to  be  weaker  events. 

Future  studies  of  both  the  O'Hare  1977 
and  the  Dulles  data  sets  should  make  the  statis- 
tics of  these  relationships  clearer.   For  example, 
the  value  of  temperature  sensors  relative  to 
pressure  or  wind  sensors  is  best  treated  by  the 
O'Hare  airport  1977  experiment  which  recorded 
data  from  six  towers  with  collocated  temperature, 
pressure  and  wind  sensors.  On  the  basis  of  obser- 
vations made  thus  far,  surface  temperature  sensors, 
although  valuable  for  scientific  studies  of 
thunderstorm  density  currents,  frequently  show 
little  or  no  response  to  the  passage  of  a  leading 
portion  of  a  thunderstorm  outflow.  Therefore, 
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Table  1.     Use  of  Anemometers  for  Gust-Front 
Detection  of  Thunderstorm  Outflows. 


Table  2.     Use  of  Pressure  Jump  Detectors  for 
Detection  of  Thunderstorm  Outflows. 


Advantages 

Directly  measures  surface  winds  and 
attendant  danger  to  aircraft  on  the 
ground,  as  well  as  to  airport  surface 
facilities. 

Also  provides  runway  winds,  knowledge  of 
surface  winds  for  general  facility  needs, 
inputs  to  wake  vortex  prediction  systems, 
etc. 

Detects  surface  gust  surges  related  to 
thunderstorms  as  well  as  other  meteoro- 
logical phenomena  (such  as  sudden  downflows 
of  warm  air) . 

Disadvantages 

Requires  processing  to  define  a  significant 
event . 

Is  difficult  to  deploy  dense  arrays. 

Does  not  detect  some  density  currents 
at  the  surface,  particularly  in  the  pre- 
sence of  surface  based  inversions. 

Is  affected  by  the  fact  that  some  gust 
surges  are  accompanied  by  complex  wind 
shifts,  so  as  to  greatly  reduce  confidence 
in  wind  vector  computations  and  hence 
determinations  of  motion  of  the  disconti- 
nuity. 

Is  susceptible  to  damage  because  of  exposed 
mechanical  moving  parts  (both  natural  and 
vandalism) . 


Advantages 
Is  low-cost  and  highly  reliable. 


Can  be  mounted  indoors  as  well  as  in 
sheltered  or  exposed  outside  locations. 

Provides  a  level  of  processing  at  the 
sensor. 

Allows  data  to  be  handled  easily,  thus 
permitting  deployment  in  dense  arrays. 

Can  detect  density  currents  not  reaching 
the  surface  of  the  earth. 

Provides  an  early  warning,  as  the  pressure 
jump  frequently  precedes  the  gust  surge. 

Should  detect  "downbursts". 

Is  less  influenced  by  boundary  layer  effects, 
so  that  pressure  data  show  less  spatial 
variability. 

Disadvantages 

Can  produce  false  alarms  due  to  gravity- 
shear  waves  or  hydraulic  jumps  aloft 
(although  some  of  these  events  may  consti- 
tute an  aviation  hazard  in  and  of  them- 
selves) .  This  is  overcome  if  pressure 
jump  detectors  are  used  in  conjunction 
with  wind  speed  detectors. 

May  not  detect  significant  pressure  jumps 
during  certain  events,  such  as  warm  air 
downflows  or  outflows  of  cold  air  occurring 
in  thin  layers. 


although  they  respond  to  the  cold  air  in  the 
down-flow  region  itself  and  in  some  cases  respond 
well  to  a  thin,  slowly  moving  flow  of  cold  air 
with  strong  surface  interaction,  it  seems  that 
temperature  sensors  are  not  well  suited  for  use 
as  part  of  a  warning  system. 

4.        ANEMOMETERS  VERSUS  PRESSURE  SENSORS  — 
RELATIVE  STRENGTHS  AND  WEAKNESSES 

Tables  1  and  2  summarize  the  advantages 
and  disadvantages  of  anemometers  and  pressure 
jump  detectors  pertinent  to  their  use  as  part 
of  an  airport  warning  system.   A  number  of  the 
disadvantages  of  anemometers,  such  as  their 
susceptibility  to  damage  and  higher  costs,  might 
be  removed  by  using  the  inherently  rugged  and 
low  cost  wind- speed  threshold  sensor  described  in 
these  proceedings  by  Bedard  and  Fujita  (1978). 
Another  advantage  of  this  device  is  that  it  also 
eases  the  data  transmission  problems  by  answering 
the  question  "Is  an  event  occurring?"  A  com- 
parison between  the  tables  indicates  that  the 
sensors  can  complement  each  other.  Pressure 
sensors  promise  to  detect  downbursts  and  currents 
that  do  not  reach  the  surface,  whereas  wind 


sensors  can  detect  outflows  of  limited  depth  or 
of  warmer  air.  Both  sensor  types  should  be 
capable  of  responding  reliably  to  the  most  energetic 
events.  The  pressure  detector  would  (statistically 
speaking)  provide  an  earlier  warning  which  in 
turn  could  be  "verified"  by  a  surface  wind- 
speed  surge. 

It  should  be  noted  in  closing  that 
these  results  are  only  preliminary  and  indicative. 
The  final,  more  conclusive  study  is  still  in 
process. 

5 .        OUTLOOK  FOR  THE  FUTURE 

We  still  need  to  identify  the  optimum 
configuration  and  density  for  airport  warning 
arrays,  which  will  require  statistics  concerning 
surface  effects  in  the  vicinity  of  thunderstorms. 
These  needs  should  be  met  at  least  in  part  by  the 
data  sets  from  the  O'Hare  and  Dulles  experiments. 
The  forthcoming  NIMROD  experiment  (Fujita,  1977) 
should  also  provide  valuable  insights  into  the 
meteorology  of  these  events.  Our  current  plans 
call  for  optimizing  both  the  pressure-jump  de- 
tectors and  wind-threshold  sensors,  testing  these 
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"final"  designs  and  completing  analyses  of  exist- 
ing data  sets.   After  accomplishing  this,  we 
should  be  able  to  make  our  best  possible  recom- 
mendations concerning  the  design  of  an  airport 
warning  system.   Present  indications  are  that 
configurations  like  the  one  shown  in  Figure  18 
will  represent  a  reasonable  compromise  between 
reliability  for  detection  and  practicability  in 
implementation.   (The  execution  and  operation  of 
the  Dulles  system  has  required  great  and  con- 
tinuing effort  from  a  large  number  of  people) . 
In  the  long  term,  future  advances  in  remote 
sensing  methods  should  eventually  provide  al- 
ternative solutions  to  this  aircraft  safety 
problem. 
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Figure   18.      Possible  warning  system  for  detecting 
thunderstorm  density  currents  in  the  vicinity 
of  airports. 
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He  suggested  the  value  of  collocating  wind  thres- 
hold and  pressure  jump  detectors  and  his  sug- 
gestion seems  validated  by  the  data  sets  ob- 
tained to  date.  The  monostatic  acoustic  radar 
(Parry  and  Sanders,  1972)  operated  independently 
of  the  experiment  by  the  Equipment  Development 
Laboratory  of  NOAA's  Weather  Service.  However, 
we  plan  future  cooperative  studies,  relating 
gust  front  structure  (as  indicated  by  the  mono- 
static  and  Doppler  radars)  to  surface  effects. 
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1. 


INTRODUCTION 


The  impetus  for  the  design  of  this  rela- 
tively simple  wind-speed  threshold  detector  (more 
generally  called  a  wind-speed  and  wind-speed 
threshold  sensor)  arose  from  a  need  to  develop 
surface  sensors  for  use  in  preventing  wind- 
shear  related  accidents  at  airports.   Originating 
with  dense  currents  of  cold  air  in  thunder- 
storms, downflows  and  the  resulting  outflows  of 
dense  air  can  produce  wind- shear  dangerous  to 
aircraft  (Fujita  and  Byers,  1977  and  Fujita  and 
Caracena,  1977)  as  well  as  variations  in  surface 
winds,  temperature  and  pressure  (Goff,  1976; 
Bedard  and  Beran  1977) .  The  optimum  detection 
of  these  systems  could  involve  combinations  of 
surface  sensors  until  an  active  remote  sensing 
method  (e.g.,  involving  FM-CW  radar)  can  be 
developed. 

Pressure  sensor  arrays  at  Dulles 
(Bedard,  Hooke  and  Beran,  1977)  and  O'Hare 
(Bedard  and  Cairns,  1977)  international  airports 
have  shown  the  feasibility  of  using  arrays  of 
surface  sensors  to  detect  and  track  the  motion 
of  the  leading  edge  of  atmospheric  density 
currents.  A  paper  in  these  proceedings  (Bedard, 
1978)  discusses  the  relative  strengths  and  weak- 
nesses of  temperature,  wind  and  pressure  sensing 
approaches.  There  is  a  need  for  surface  sensors 
of  high  reliability  that  can  be  obtained  at 
reasonable  costs  for  use  in  large  numbers. 
Bedard  and  Meade  (1977)  have  presented  a  pres- 
sure jump  detector  developed  in  answer  to  these 
needs.  Similarly,  we  developed  the  wind- speed 
detector  described  here.  One  of  us  (Fujita) 
originated  the  concept  of  using  such  a  device, 
and  the  final  design  evolved  during  a  semi- 
empirical  investigation. 

We  must  emphasize  that  the  detector 
indicates  wind  speed  and  not  wind  direction. 
Although  in  some  instances  wind  vector  infor- 
mation is  necessary  at  a  point  (e.g.,  little 
change  in  wind  speed  could  occur  in  the  presence 
of  a  large  wind  vector  difference) ,  there  is 
evidence  that  the  most  dangerous  density  currents 
will  produce  significant  wind  speed  surges 
(Fujita,  1977).   Thus,  it  seems  a  simple  wind- 
speed  sensor  can  find  applications  for  the 
detection  of  thunderstorm  gust  fronts.  Moreover, 
the  advantages  offered  by  the  sensor  suggest  a 
variety  of  other  uses,  including  down- slope  wind 
studies,  wind  caution  signs  for  roads  and  bridges, 
as  well  as  wind  machine  protection  and  site 
surveys. 


2.        SENSOR  DESIGN 

The  detector  (see  Fig.  1  for  a  cut- 
away view)  consists  of  two  omnidirectional 
probes.  These  are  configured  so  that  the  induced 
pressures  for  each  differ  from  each  other  at  a 
given  wind  speed.   A  differential  pressure  trans- 
ducer can  detect  the  pressure  difference  between 
the  two  probes  and  the  wind  speed  deduced  through 
the  relationship 


K(2^1/2 


where  U  is  the  horizontal  wind  speed,  p  is  the 
air  density,  AP  is  the  pressure  difference 
produced  between  the  two  probes  and  K  is  a 
constant  determined  during  calibration. 


Pressure 
Switch 

-— +AP  Input 


-AP  Input 


Figure  1.     Cross-sectional  view  of  wind  speed 
threshold  sensor. 


One  probe  consists  of  a  sphere  with 
a  sampling  port  at  the  base.   But  what  consi- 
derations are  important  to  the  choice  of  the 
dimensions  of  such  a  probe?  If  the  goal  is  a 
probe  of  maximum  sensitivity  (permitting  the 
use  of  transducers  with  lower  sensitivities  and 
possibly  lower  costs) ,  then  one  approach  is  to 
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use  a  sphere  with  a  small  radius  of  curvature 
which  accelerates  the  streamlines  in  the  vici- 
nity of  the  probe,  increases  the  local  velocity 
of  the  medium  near  the  inlet,  and  reduces  the 
local  pressures  relative  to  the  free  stream. 

However,  for  atmospheric  measurements, 
problems  presented  by  dust,  insects  and  sensor 
susceptibility  to  water  and  icing  are  important. 
Locating  the  sampling  inlet  at  the  base  of  the 
sphere  reduces  the  problem  of  dust  in  the  probe 
and  makes  the  response  independent  of  the 
azimuth  of  the  horizontal  winds.   The  length  of 
the  tube  from  the  sensor  to  the  sphere  and  its 
vertical  orientation  should  further  prevent  dust 
from  reaching  the  transducer.   A  small  screen 
inserted  in  the  tube  prevents  insects  from 
entering.   Even  the  size  of  the  inlet  port  can 
be  important.   We  have  computed  the  maximum 
wavelength  for  stability  of  an  air-water  inter- 
face.  Considering  the  effects  of  gravity  and 
the  surface  tension  of  water  we  have  made  the 
diameter  of  the  port  larger  than  that  required 
to  produce  a  stable  surface  (e.g.,  Joseph, 
1976) .  A  large  enough  diameter  port  size 
(>  1.7  cm)  helps  to  prevent  water  from  collect- 
ing at  the  port  opening  and  should  inhibit  ice 
formation. 

The  second  probe  could  take  a  number 
of  forms.   For  example,  we  have  tested  probes 
that  consisted  of  a  large  number  of  small  diam- 
eter holes  (#54  to  #71  drill  size)  drilled  at 
equal  distances  around  the  surface  of  a  cylinder 
by  measuring  the  pressure  inside  the  cylinder. 
This  configuration  acts  as  an  averaging  device 
or  a  form  of  a  d-c  pneumatic  summator  (Bedard, 
1977).  We  have  built  several  versions  of  these, 
and  although  they  operated  satisfactorily, 
the  requirement  of  keeping  the  numerous  ports 
clean  and  open  is  an  impractical  feature  of  this 
approach  for  atmospheric  applications. 

However,  we  have  found  that  a  cylinder 
closed  at  the  top  and  open  at  the  bottom  can  be 
an  effective,  practical  probe.   The  flow  of  the 
medium  produces  internal  pressures  less  negative 
than  those  obtained  from  the  spherical  probe 
already  described  (under  identical  free  stream 
velocity  conditions) .   One  problem  with  using 
an  open  cylinder  is  that  complex  circulations 
occur  because  of  complex  detachments  at  the 
leading  edge  of  the  open  portion  of  the  cylinder. 
These  make  reproducibility  of  the  pressure 
measurements  poor.   Fortunately,  the  simple 
addition  of  a  central  tube  (in  our  case  a  tube 
holding  the  spherical  probe)  serves  to  stabilize 
the  basic  flow.   The  inverted  cylinder  can  act 
as  an  area  averaging  device,  displacing  the 
measurement  point  from  the  free  stream.  Also, 
vertical  velocity  components,  resulting  from 
induced  circulations  within  the  cylinder,  can 
increase  the  pressure  with  respect  to  the  free 
stream  Bernoulli  pressure.   This  results  in  a 
less  negative  pressure  than  that  obtained  from 
the  spherical  probe  reference  port.   Sensitivity 
to  tilt  is  reduced  if  the  two  probes  share  a 
common  axis  and  the  pressures  induced  in  each 
vary  approximately  equally  and  in  the  same 
direction  with  orientation  to  the  mean  flow,  as 
is  the  case  with  the  probes  described  here. 


3.        EXPERIMENTAL  TESTS 

Initially  we  tested  sensor  response  by 
holding  the  unit  out  of  the  window  of  an  auto- 
mobile and  measuring  the  differential  pressure 
as  a  function  of  the  speedometer  reading.   These 
rough  measurements  agreed  with  the  wind  tunnel 
tests  described  below.  The  sensor  (mounted  on 
a  heavy  brass  plate)  was  tested  in  a  wind  tunnel 
at  the  University  of  Colorado  (see  Figs.  2  and  3 
for  photographs  showing  the  sensor  and  the  testing 
configuration) .   We  routed  the  probe  pressures 
to  a  differential  pressure  transducer  located 
outside  the  wind  tunnel  using  1/4  inch  inner 


Figure  2.     Photograph  of  wind  speed  threshold 
sensor. 


Figure  3.     Photograph  showing  configuration  for 
wind  tunnel  testing. 
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diameter  tubing.  We  compared  each  probe  pressure 
measurement  with  the  static  probe  of  a  pitot- 
static  tube  that  monitored  the  free  stream  of 
the  wind  tunnel.   In  addition  we  measured  the 
pressure  difference  between  the  two  sensor 
probes.  For  each  run,  we  checked  the  noise 
level  and  zero  of  the  differential  pressure 
transducer  by  connecting  the  transducer  inputs 
together.  A  pneumatic  switching  arrangement 
enabled  us  to  make  these  measurements  promptly 
and  easily.  Results  from  these  tests  appear  in 
Fig.  4.   Note  that  the  pressure  difference  is  a 
function  of  the  square  of  the  mean  wind  speed 
with  little  scatter  in  the  data  points.  As  a 
reference  we  noted  the  free-stream  Bernoulli 
pressure  variation  on  the  plot.  The  agreement 
is  not  fortuitous  since  this  was  set  as  a 
practical  goal  for  the  detector  sensitivity. 
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Figure  4.     Pressure  difference  between  probes 
as  a  function  of  horizontal  wind  speed. 


We  tested  the  influence  of  the  spherical 
probe  diameter  and  found  that  decreasing  the 
probe  diameter  from  2  inches  to  1  inch  increased 
the  sensitivity  by  about  50%.  For  the  1-inch 
diameter  probe  we  found  a  tilt  sensitivity  for 
the  entire  detector  of  less  than  ±  5%  for  a  ±  10 
degree  deflection  of  the  sensor  from  the  direc- 
tion of  the  mean  flow.  Near  the  earth's  surface 
the  vertical  components  of  the  wind  tend  to  be 
quite  small  compared  with  the  horizontal  compo- 
nents, so  that,  for  purposes  of  most  atmospheric 
applications,  the  tilt  sensitivity  can  be  con- 
sidered negligible.  This  was  for  a  5/16  inch- 
diameter  port  opening.   We  found  a  similar  tilt 
sensitivity  by  using  a  2  inch  diameter  probe 
with  the  same  size  port  opening.  We  plan  to 
test  other  configurations  for  tilt  sensitivity. 

4.        PRACTICAL  APPLICATIONS 

The  advantages  of  ruggedness,  low 
projected  costs,  and  the  fact  that  one  question 
is  answered  (i.e.,  Is  the  threshold  exceeded 
or  not?)  at  the  detector,  suggest  a  great  variety 
of  practical  applications. 


h. 


5. 


Control  of  wind-caution  warning  signs  for 
roads  and  bridges. 

Control  of  wind-caution  indicators  for 
high-speed  railroads. 

Obtaining  wind  statistics  for  evaluation 
of  sites  for  wind  machines.   (This  detector 
could  indicate  the  percentage  of  time  the 
threshold  for  operation  of  a  particular 
wind  machine  is  exceeded.) 

Automatic  control  of  devices  for  protecting 
wind  machines  at  high  wind  speeds. 

Obtaining  wind  measurements  under  severe 
weather  conditions. 

Use  in  dense  arrays  to  indicate  patterns  of 
downslope  wind  storms  and  provide  real- 
time information  to  police  and  firemen  as 
well  as  the  public.   Such  downslope  wind 
storms  will  become  a  more  significant  hazard 
as  the  front  range  areas  of  mountainous 
regions  become  more  populated  (e.g.,  Rocky 
Mountain  region  wind  storms  described  by 
Henz,  1977). 

Single  unit  use  in  the  approach  zones  of 
small  airports.  We  hope  to  evaluate  the 
sensor  for  use  in  at  least  some  of  these 
areas. 

Use  as  part  of  a  wind-shear  detection  and 
warning  system  for  major  airports. 

CONCLUDING  REMARKS 


In  order  to  obtain  experience  with 
their  operation  under  field  conditions,  current 
plans  call  for  the  fabrication  of  five  of  these 
wind  speed  threshold  detectors  for  installation 
in  the  Dulles  airport  wind-shear  detection 
system.  We  will  use  pressure  switches  set  so 
that  the  wind-speed  detectors  indicate  at  approxi- 
mately 10  m  s"  .  Note  that  the  set  point  of  the 
pressure  switch  can  be  calibrated  in  the  field 
using  the  pressure  calibrator  described  by 
Bedard  (1977).  Additional  tests  will  investi- 
gate the  effects  of  adding  a  screen  across  the 
open  portion  of  the  inverted  cylinder.  This 
screen  will  prevent  insects  from  entering  the 
inverted  cylinder  and  should  further  improve  the 
stability  and  reduce  turbulence. 

For  other  applications  we  can  modify 
the  sensitivity  by  changing  the  diameter  of  the 
sphere  used  and/or  the  cylinder  size.  Note  that 
although  wind  direction  information  is  not 
obtained  from  the  sensor,  when  arrays  of  these 
sensors  are  used  vectors  can  be  computed  for 
gust  surges  using  arrival  time  information  at 
various  sensors.   In  many  cases,  especially 
when  complex  shifts  in  the  local  wind  vector 
occur,  such  computations  can  be  more  represen- 
tative of  system  motion.  In  spite  of  the  fact 
that  this  sensor  is  quite  simple  it  seems  that  a 
variety  of  practical  applications  are  possible. 
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temperature  profiles  are  discussed. 

PACS  numbers:  43.28.Fp,  43.20.Fn 


INTRODUCTION 

In  1968  McAllister1  constructed  the  first  echosonde, 
an  instrument  that  he  called  an  acoustic  sounder.    This 
invention  combined  an  improved  version  of  a  precursor 
of  the  echosonde— the  device  of  Gilman,  Coxhead,  and 
Willis2  that  they  named  the  sodar — with  a  facsimile  re- 
corder.   The  underlying  physical  mechanism  of  the 
echosonde  consists  of  the  scattering  of  sound  waves  by 
random  temperature  and  velocity  fluctuations  in  the  at- 
mosphere.   In  consequence,  the  echosonde  represents 
a  powerful  instrument  for  mapping  many  aspects  of  the 
atmospheric  boundary  layer,  using  the  naturally  occur- 
ring atmospheric  temperature  and  velocity  fluctuations 
as  tracers.    However,  though  the  echosonde  can  mea- 
sure the  strength  of  temperature  fluctuations,  it  can 
provide  neither  absolute  temperatures  nor  temperature 
profiles  of  the  atmosphere.    Temperature,  perhaps  the 
paramount  quantity  needed  in  meteorological  studies, 
has  until  now  resisted  measurement  by  any  simple  re- 
mote sensing  techniques.    This  lack  has  restricted 
temperature  observations  to  in  situ  measurements  pro- 
vided by  radiosondes .    The  costs  of  such  radiosonde 
flights  preclude  fine  enough  space  and  time  separations 
of  the  measurement  grid  for  good  meteorological  pre- 
diction. 

Typically,  the  interpretation  of  an  echosonde  facsim- 
ile record  is  based  upon  the  assumption  of  narrow 
beams  from  the  transducers.    That  is,  the  acoustic 
source  and  receiver  (which  correspond  to  the  same  de- 
vice for  a  monostatic  sounder)  are  considered  to  have 
radiation  patterns  with  narrow  major  lobes  and  negligi- 
ble side  lobes'.  During  examination  of  some  particular 
echosonde  records,  Closs  and  Surridge8  noted  horizon- 
tal bands  or  fringes  of  scattered  intensity,  superim- 
posed on  the  patterns  that  were  anticipated  due  to  at- 
mospheric turbulence.    These  records  were  obtained 
with  a  coherent  detection  scheme.    We  speculate  that 
the  bands  might  have  resulted  from  nonuniform  enson- 
ification  of  the  lower  atmosphere,  corresponding  to  the 


a)Permanent  address:    Kalamazoo  College,  Kalamazoo,  MI 
49007. 


directivity  pattern  for  an  array  of  real  acoustic  sources. 
Backscattered  acoustic  energy  implies  the  existence  of 
atmospheric  irregularities,  and  these  can  be  expected 
to  restrict  coherence  length  of  the  transmitted  acoustic 
signals  and  thus  to  smear  out  the  radiation  pattern  of 
the  source  transducer  or  source  array. 

A  primary  goal  of  the  work  described  here  was  to  en- 
sonify  only  limited  regions  of  the  atmosphere  above  a 
directive  receiving  antenna  of  a  bistatic  echosonde  and 
thus  to  attempt  to  generate  predictable  horizontal  bands 
in  the  facsimile  records.    A  secondary  goal,  given  in- 
itial success  at  producing  these  bands,  was  to  devise  a 
means  by  which  exploitation  of  this  phenomenon  might 
lead  to  the  remote  measurement  of  atmospheric  tem- 
perature. 

The  radiation  pattern  of  a  single  pistonlike  acoustic 
source  involves  relatively  little  power  in  the  side  lobes, 
which  consequently  could  not  be  expected  to  lead  to  mea- 
surable atmospheric  scattering.    An  array  of  identical 
point  sources,  on  the  other  hand,  can  have  a  radiation 
pattern  with  the  same  acoustic  power  in  each  of  several 
major  lobes  (similar  to  the  interference  fringes  pro- 
duced by  a  set  of  coherent  optical  sources  or  slits)  sep- 
arated by  regions  of  destructive  interference  (i.e. ,  nulls 
of  the  array  radiation  pattern).    The  effects  of  interest 
to  us  are  obtained  from  consideration  of  two  or  more 
interfering  sets  of  waves,  and  we  hence  refer  to  the 
presence  of  a  three-dimensional  interference  pattern 
throughout  a  small  region  of  the  atmosphere. 

In  this  paper  we  present  the  first  systematic  research 
that  provides  evidence  for  such  interference,  namely 
facsimile  records  (obtained  with  the  equipment  described 
in  this  paper)  showing  bands  at  the  predicted  time  de- 
lays.   Since  the  facsimile  recorder  produces  a  darker 
trace  with  a  more  intense  signal,  regions  of  construc- 
tive interference  in  the  atmosphere  produce  dark  bands 
on  the  recordings.    We  have  found  that  the  sound  waves 
(traveling  upward  through  turbulence)  from  the  trans- 
mitter, retain  enough  phase  coherence  to  form  interfer- 
ence fringes  in  space,  and  that  the  fringes  are  detect- 
able by  the  increased  scattering  of  the  sound  by  the  fluc- 
tuations within  the  regions  of  constructive  interference. 
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FIG.  1.    Geometry  of  the  interference  experiment  in  the  verti- 
cal plane  through  the  receiver  and  two  transmitters.     Zenith 
angle  8  measured  from  the  vertical  axis  through  the  center  of 
the  transmitting  array;  zenith  angle  <t>  measured  from  the  ver- 
tical axis  through  the  receiver.    Separation  of  transmitters 
denoted  by  d;  separation  of  receiver  from  center  of  transmit- 
ting array  denoted  by  / ;  L  represents  the  total  pathlength 
traveled  by  sound  from  transmitter  to  receiver. 


I.  THEORY 

Figure  1  shows  the  configuration  of  our  experiment. 
In  the  vertical  receiver— transmitters  plane  the  maxima 
of  constructive  interference  in  the  farfield  should  appear 
at  the  zenith  angles  6  satisfying 


Bin6  =  n\/d, 


(!) 


with  \  the  wavelength,  d  the  separation  of  transmitters, 
and  n  the  fringe  order.    However,  the  positions  of  the 
horizontal  bands  on  the  facsimile  recordings  depend  on 
the  travel  time  for  the  total  path  length  L.    This  path 
consists  of  one  leg  from  transmitter  to  scattering  vol- 
ume in  the  fringe,  and  one  from  scattering  volume  to 
receiver. 

First,  for  the  simple  case  of  temperature  constant 
with  altitude,  L  depends  on  the  receiver -transmitters 
horizontal  separation  I  according  to  the  formula 

Z,  =  Z(sece  +  sec0)/(tan0  +  tan0),  (2) 

with  <j>  the  zenith  angle  of  the  receiver. 

Since  the  speed  of  sound  c  in  meters  per  second  is  re- 
lated to  the  Kelvin  temperature  T  by  c  =  20. 05  JT,  the 
time  delays  t=L/c  are  inversely  proportional  to  -JT  for 
large  (p ,  but  become  inversely  proportional  to  T  as 
<f>  -  0.    In  particular,  for  0  =  0,  the  above  equations  show 
that  the  time  delay  t  resulting  from  a  constructive  inter- 
ference fringe  of  order  n  is 

t=  ifld/ncz){l  +  [1  -  {nc/fdfY*} ,  (3) 

where  /  is  the  frequency  of  the  transmitted  sound,  and 


where  all  distances  are  in  meters.    If  we  assume  that 
(nc/fdf«  1  then  we  have  approximately 

t~fld/{200  nT) .  (4) 

Thus,  with  a  receiving  bandwidth  narrow  enough  to  re- 
solve returns  from  adjacent  fringes,  a  vertical  receiver 
beam  will  give  relative  changes  in  relative  band  position 
on  the  recorder  equal  in  magnitude  to  the  relative 
changes  in  absolute  temperature,  that  is, 

6t/t=-bT/T.  (5) 

Temperature  profiles  can  be  treated  by  more  compli- 
cated analysis.    For  most  of  the  distance  on  the  paths 
between  the  radiating  elements  and  a  point  of  interfer  - 
ence,  the  different  paths  traverse  approximately  the 
same  temperature  profiles.    Therefore  the  locations  of 
the  interference  fringes  in  space  are  determined  pri- 
marily by  the  few  extra  wavelengths  in  one  path  near  the 
ground  and  thus  by  the  temperature  near  the  ground. 
But  the  time  delays  for  the  recorded  bands  will  depend 
on  both  the  fringe  positions  and  the  temperature  pro- 
files aloft.    Let  us,  for  example,  assume  that  the  lower 
half  of  a  region  extending  to  the  altitude  of  the  intersec- 
tion of  a  fringe  and  the  receiver  beam  remains  a  uni- 
form constant  temperature  T,  but  that  the  upper  half 
changes  temperature  by  a  uniform  amount  6T.    Then  if 
6  is  the  angular  position  of  the  fringe,  the  relative 
change  in  time  delay  can  be  shown  to  be 


6t/t=-{  (1  +  sec 6>) (6 T/T), 


(6) 


As  an  example,  for  0=45°,  Eq.  (6)  gives  approximately 
two-thirds  the  change  indicated  by  Eq.  (5)  for  the  same 
temperature  change  in  a  uniform  atmosphere. 

Measurement  of  the  variation  of  temperature  altitude 
would  require  closely  spaced  narrow  fringes,  with  an 
optimum  narrow-beam  receiver,  to  obtain  distinguish- 
able bands.    Such  a  configuration  could  employ  either  a 
"boot -strap"  type  of  calculation  (in  which  the  path-aver- 
aged sound  speed  obtained  from  one  time  delay  is  used 
to  determine  the  altitude  of  the  scattering  volume  in  the 
next  fringe)  or  a  calculation  based  on  measuring  band 
delay  times  at  two  or  more  frequencies. 

II.  EQUIPMENT 

With  the  objective  of  experimentally  observing  inten- 
tional interference  fringes  by  means  of  the  bands  pro- 
duced in  echosonde  facsimile  recordings,  we  set  up  an 
acoustic  receiver  and  a  pair  of  transmitters  at  NOAA's 
Table  Mountain  field  site,  a  flat -topped  mesa  about  1  by 
2  miles  in  size,  located  a  few  miles  north  of  Boulder, 
Colorado.    The  receiving  antenna  consisted  of  a  24-fl 
compression  driver  (Altec -Lansing  288-C)  together  with 
an  exponential  feed  horn,  mounted  at  the  focus  of  a  5 -ft 
parabolic  dish,  with  the  total  assembly  placed  in  a 
square  cuff  lined  with  acoustic  absorbing  foam.    Each 
transmitting  element  consisted  of  a  4-fi  compression 
driver  (Altec -Lansing  290-4G)  rated  for  100  continuous 
electrical  watts,  together  with  a  1000-Hz  exponential 
feed  horn.    The  parabolic  dish  was  omitted  to  reduce 
the  directionality  of  each  individual  transmitting  beam 
pattern  and  to  permit  close  spacing  of  the  acoustic 
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FIG.  2.    Receiver  radiation  pattern  at  1250  Hz.    Amplitude  of 
acoustic  pressure  in  decibels  as  a  function  of  angle  from  the 
zenith. 


sources.    We  placed  a  4 -ft -high  absorbing  cuff  on  the 
three  sides  of  the  transmitter  array  away  from  the  di- 
rection of  the  receiver.    The  elements  of  the  transmit- 
ting array  sat  directly  on  the  ground,  pointing  straight 
up  and  with  centers  separated  by  about  3\/2  at  1000  Hz 
and  3\  at  2000  Hz.    The  receiving  antenna  was  located 
at  a  horizontal  distance  of  50  m  from  the  transmitting 
array  in  the  vertical  plane  through  the  elements  of  the 
array.    After  some  initial  problems  with  reflections 
from  fixed  objects,  we  positioned  this  entire  assembly 
about  1000  ft  from  any  object  higher  than  rocks  a  few 
inches  above  the  ground. 

Thousand-foot  cables  connected  the  receiving  and 
transmitting  antennas  to  an  echosonde  (Mark  VH  Wave 
Propagation  Laboratory,  see  Owens4)  arranged  to  per- 
mit separation  of  the  signals  from  the  receiving  and 
transmitting  antennas.    The  transmitting  circuits  includ- 
ed a  two -channel  power  amplifier  (Crown  300A)  which 
allowed  equalizing  of  the  farfield  axial  pressure  of  the 
two  transmitters.    The  output  of  the  echosonde  corre- 
sponding to  the  scattered  wave  went  either  directly  or 
via  a  postdetection  integrating  device  (a  Princeton  Ap- 
plied Research  "Waveform  Eductor"  TDH-9)  to  a  fac- 
simile recorder  (Raytheon  Universal  Graphic  Recorder 
196-C). 

To  independently  confirm  the  existence  of  three-di- 
mensional spatial  interference  fringes  in  the  atmosphere, 
we  used  the  field  beam-pattern  measuring  method  de- 
scribed in  Willmarth  et  al.%   Briefly,  in  this  method  a 
balloon-borne  microphone  is  swung  in  a  circular  arc  in 
the  farfield  over  the  antenna  to  provide  sound  pressure 
as  a  function  of  angle.    Figures  2  and  3  show  the  result- 
ing measurements  for  the  radiation  from  the  receiver 
and  the  transmitter  array,  respectively,  for  a  1250-Hz 
signal  and  a  24.-in.  transmitter  separation.    Evidently, 
the  receiver  has  a  total  angular  beamwidth,  as  defined 
by  the  3-dB  points,  of  about  14°.    For  the  transmitting 
array,  fringe  intensity  drops  only  slowly  with  increasing 
order,  and  individual  fringes  have  spacings  of  about  30°. 

III.  RESULTS 

With  the  considerations  of  the  Sec.  I  in  mind,  we  adopt- 
ed the  configuration  with  the  two  transmitter  drivers 


and  feed  horns  pointed  up,  with  a  transmitter  spacing  of 
d=  18  in.  and  a  receiver  zenith  angle  of  0°.    In  addition, 
since  we  appeared  to  obtain  better  results  at  higher  fre- 
quencies, most  of  our  further  tests  used  either  2000  or 
2500  Hz;  thus,  the  facsimile  records  included  two  or 
more  bands.    Figure  4  shows  a  record  obtained  with  the 
experimental  arrangement.    The  top  part  of  Fig.  4 
gives  the  direct  results,  the  bottom  part,  the  results  af- 
ter integrating  and  smoothing  with  the  Waveform  Educ- 
tor.   At  the  beginning  of  the  record  at  the  right  (time  in 
our  facsimile  records  runs  from  right  to  left)  two  dark- 
er bands,  corresponding  to  constructive  interference, 
appear  clearly.    Halfway  through  the  record  we  reversed 
the  electrical  connections  to  one  of  the  transmitters, 
thus  reversing  the  phase  relationship.    As  expected, 
whatever  had  appeared  dark  became  light,  and  conversely. 

During  the  course  of  our  experiments  we  noticed  that 
faint  horizontal  bands  frequently  remained  on  the  fac- 
simile record  even  with  only  one  transmitter  in  opera- 
tion.   Figure  5,  which  gives  only  the  Waveform  Eductor- 
processed  part  of  the  recording,  shows  such  faint  bands 
in  the  right-hand  two  thirds  of  the  record.    At  the  time 
marked  by  a  thin,  vertical  white  stripe  (when  transmis- 
sion was  interrupted),  we  raised  the  single  transmitter 
by  exactly  \/4.    The  shift  had  a  startling  effect  on  the 
intensity  and  position  of  the  bands.    Though  more  diffi- 
cult to  see  than  in  Fig.  4,  again  dark  bands  appear  to 
become  light,  and  light  fringes  dark.    We  suggest  that 
many  of  the  dark  bands  seen  in  facsimile  records  of 
some  previous  researchers  may  have  resulted  from  in- 
terference between  the  direct  beam  and  a  reflected  beam 
from  the  ground  and  other  nearby  surfaces. 

Finally,  we  ran  a  test  to  simulate  the  effect  of  tem- 
perature change  on  band  position  by  altering  the  frequency 
instead.    Figure  6  gives  the  results:   At  the  right  two 
bands  appear  at  the  appropriate  positions  corresponding 
to  the  operating  frequency  of  2500  Hz;  halfway  through 
the  record  we  changed  the  frequency  to  2000  Hz;  the 
bands  drop  abruptly  to  two  lower  positions.    Measure- 
ments indicate  that  this  500-Hz  frequency  shift  corre- 
sponds to  a  100  °K  temperature  shift.     Clearly,  obtain- 


FIG.  3.    Transmitter  array  radiation  pattern  at  1250  Hz. 
Acoustic  pressure  in  decibels  as  a  function  of  angle  from  the 
zenith  in  the  vertical  plane  through  the  array:   two  compres- 
sion drivers  and  feed  horns  at  a  24-in.  spacing,  pointed  up- 
wards. 


J.  Acoust  Soc.  Am.,  Vol.  63,  No.  3,  March  1978 


182 


697 


Brown,  Little,  and  Wright:  Echosonde  interferometer  for  atmospheric  research 


697 


FIG.  4.    Interference  from  two  sources:    effect  of  phase  re- 
versal.   Regions  of  constructive  interference  result  in  darker 
bands  on  facsimile  record.    Time  begins  at  right  of  all  records 
and  runs  to  the  left.    Vertical  scale  on  all  records  is  0.1  s  per 
division  for  time  delay.    Two-thirds  through  the  record  the 
phase  of  one  transmitter  changed  by  180°.    Thus  regions  of  de- 
structive interference  (white)  change  to  constructive  (dark)  and 
conversely.    Top  part  of  figure  derived  directly  from  the  echo- 
sonde; bottom  part  represents  signal  after  amplitude  integra- 
tion and  smoothing. 


ing  meteorologically  useful  temperature  measurements 
to  about  1  °K  from  time  delays  alone  would  require  con- 
siderable sophistication  in  the  data-processing  electron- 
ics of  an  echosonde  temperature -measuring  system. 

IV.  FUTURE  DESIGN  FACTORS 

Obtaining  improved  facsimile  record  bands  requires 
both  narrow  fringes  in  the  radiation  pattern  and  a  nar- 
row receiver  beam  to  prevent  band  overlap  and  smear- 
ing.   A  receiving  antenna  dish  of  larger  diameter  would 
have  a  smaller  angular  beamwidth.    However,  without 
a  proportionately  higher  cuff,  a  larger  dish  also  would 
accept  more  nearfield  noise  and  drastically  lower  the 
signal-to-noise  ratio.    Since  reduction  of  band  overlap 
requires  a  narrow  receiving  beam  only  in  the  vertical 
plane  through  transmitters  and  receiver,  the  use  of  two 
receivers  in  the  same  plane,  with  electrical  correlation 
of  their  signals,  should  permit  effective  reductions  of  up 


to  about  one -third  in  the  previously  measured  14°  beam 
angles.    Using  more  than  two  receivers  does  not  appear 
practical,  since  each  receiver  must  have  the  now  fairly 
standard  form  of  compression  driver,  feed-horn,  re- 
flecting dish,  and  absorbing  cuff. 

An  even  greater  improvement  should  occur  with  the 
use  of  multiple  transmitters  to  narrow  the  angular  width 
of  the  interference  fringes.    With  these  less  bulky  trans- 
mitters (consisting  only  of  drivers  ana  impedance - 
matching  horns),  a  larger  number  than  for  the  receiver 
appears  practical.    Now,  the  need  to  obtain  and  main- 
tain approximately  the  same  phase  of  the  sound  from  all 
drivers  (which  drift  with  ambient  conditions  and  age) 
will  control  the  maximum  useable  number  of  transmit- 
ters.   An  analysis  based  on  M  point  sources  gives  an 
approximate  idea  of  the  improvement  in  fringe  definition 
expect  over  only  two  sources.    If  the  sources  run  from 
m  =  1  to  m  =M .  the  phase  path  length  of  the  with  source 
to  the  point  P  becomes 


4>m=kr+2  (M  +  l-2m)kdsin6, 


(4) 


to  first  order  in  d/r,  with  r  the  distance  from  the  center 
of  the  array  to  P,  6  the  zenith  angle,  k  the  wave  number 
2jt/x,  and  d  the  distance  between  sources  (assumed  ev- 


FIG.  5.    Interference  from  one  source  and  reflections.    Faint 
bands  visible  in  right-hand  four-fifths  of  record  shift  intensity 
and  position  when  the  single  transmitter  is  raised  by  A/4. 
(Change  takes  place  at  point  marked  by  thin  white  vertical 
strip.)    Bars  drawn  on  each  side  of  this  reproduction  show 
where  bands  appeared  more  clearly  in  original  record.    The 
irregular  dark  band  running  across  the  record  below  the 
marked  bands  is  due  to  a  weak  transmitter  sidelobe. 
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FIG.  6.    Interference  from  two  sources:    effect  of  frequency 
shift.    Bands  appear  on  right-hand  half  of  record  for  2500  Hz. 
At  center  of  record,  frequency  shift  to  2000  Hz  causes  drop  in 
position  of  two  most  visible  bands. 


ery where  equal).    Neglecting  the  diffraction  pattern  of 
the  individual  elements,  a  standard  result  [such  as  Eq. 
(10)  of  Sec.  8.6  in  Born  and  Wolf6]  shows  that  the  ampli- 
tude of  the  pressure  a(6)  as  a  function  of  zenith  angle  8 
is  related  to  the  initial  amplitude  a0  by 


a(6) 


a0  sin(j  MM  sinfr) 
r    sin(i  kd  sin0) 


(5) 


Figures  7  and  8  show  computer  evaluated  curves  of  the 
sound  pressure  for  two  and  five  sources,  for  element 
spacing  given  by  d/\  =  §  and  4.    The  curves  show  a 
striking  increase  in  fringe  sharpness  with  increasing 
number  M  of  transmitters. 

Despite  the  above  direct  methods  for  increasing  sen- 
sitivity of  measurements  to  temperatures,  Fig.  6  sug- 
gests that  these  methods,  alone,  may  not  achieve  re- 
sults acceptable  to  meteorologists.    However,  recently 
developed  minicomputer  echosonde  systems  such  as 
that  reported  by  Owens,7  show  promise  of  providing  ad- 
equate sensitivity.    Such  systems,  recently  become 
commercially  available,8  will  permit  sampling  the  scat- 
tered echos  at  rates  above  the  Nyquist  frequency  of  the 
wave.    Thus,  the  systems  furnish  the  possibility  of  us- 
ing coherent  detection  noise  cancellation  techniques. 
With  these  techniques,  sufficiently  precise  definition  of 
the  fringes  may  become  possible.    And,  obtaining  such 


FIG.  7.    Multiple  source  interference.    Calculated  improve- 
ment in  fringe  width  defined  in  terms  of  acoustic  pressure  (lin- 
ear rather  than  decibel  scale)  obtained  by  increasing  number 
of  sources  in  transmitting  array.    Top  half:    two  sources  with 
separation  3A/2;  bottom  half:    five  sources  with  separation 
3X/2. 


results  require  only  minor  changes  in  the  programs 
written  for  the  minicomputers. 

An  additional  complication  results  from  the  effect  of 
mean  wind  on  the  motion  of  the  acoustic  phase  fronts 
and  the  position  of  the  fringes.    One  method  to  correct 
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FIG.  8.    Multiple  source  interference.    Similar  to  Fig.  7. 
Top  half:    two  sources  with  separation  4A;  bottom  half:    five 
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for  the  wind  would  use  a  symmetric  receiver-transmit- 
ter configuration.    For  example,  balancing  the  set  of 
receivers  on  one  side  of  the  transmitting  array  by  a 
similar  set  180°  from  the  first  would  permit  cancel- 
ling the  effect  of  wind  on  temperature  measurements 
and,  perhaps,  also  lead  to  another  measure  of  the  wind 
itself. 
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V.  CONCLUSIONS 

We  have  built  an  echosonde  interferometer  and  dem- 
onstrated both  that  it  produces  interference  fringes  in 
space  and  that  the  regions  of  constructive  interference 
produce  observable  differences  in  the  sound  scattered 
to  a  receiver;  these  differences  appear  as  darker  bands 
on  the  facsimile  recordings.    We  have  investigated 
phase  reversal  and  simulated  the  effects  of  temperature 
changes  by  producing  wavelength  changes  due  to  shifts 
in  frequency.    We  have  shown  that,  when  a  single  trans- 
mitter does  not  have  adequate  shielding  from  the  ground 
or  nearby  objects,  the  observed  bands  vary  with  changes 
in  the  height  of  the  transmitter  above  the  ground.    This 
strongly  suggests  that  the  occasional  bands  seen  by  pre- 
vious researchers  might  have  resulted  from  interfer- 
ence between  the  direct  transmitter  beam  and  reflected 
beams.    Finally,  we  have  suggested  design  improve- 
ments including  the  addition  of  a  minicomputer  for  cor- 
relation detection  and  the  use  of  noise  cancellation 
techniques. 
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1.  Introduction 

The  study  of  atmospheric  turbulence  and  its  role  in  transporting  momentum, 
heat,  water  vapor  and  other  constituents  within  the  layers  close  to  the  ground 
has  been  a  central  goal  in  micrometeorology.  Essential  to  such  a  study  is  de- 
tailed information  on  the  fluctuations  of  all  relevant  parameters.  The  frequen- 
cies of  interest  cover  a  range  of  nearly  five  decades,  corresponding  to  scales  of 
motion  ranging  from  a  few  centimeters  to  several  kilometers,  presenting  a 
serious  challenge  to  the  experimentalist.  Over  the  last  50  years  a  number  of  dif- 
ferent measurement  techniques  have  been  tried  with  varying  degrees  of  suc- 
cess. Particular  attention  was  given  to  fluctuations  in  the  velocity  field  because 
of  their  importance  to  turbulent  transport  in  the  atmosphere. 

The  earliest  attempt  to  estimate  momentum  flux  through  direct  measure- 
ments of  velocity  fluctuations  was  made  by  F.J.  Scrase  (1930),  a  British 
meteorologist.  He  made  his  measurements  in  1962  over  Salisbury  Plain  using 
an  airmeter,  a  swinging  plate  anemometer,  and  a  simple  bivane  attached  to  a 
recording  pen.  His  instrumentation  was  replaced  by  more  sensitive  bivanes  and 
hot-wire  anemometers  in  later  experiments  at  other  sites,  but  a  clear  under- 
standing of  the  structure  and  dynamics  of  turbulences  in  the  first  50  m  or  so 
of  the  atmosphere,  usually  referred  to  as  the  surface  layer,  did  not  emerge  un- 
til the  late  1960's.  To  a  targe  extent  this  breakthrough  was  possible  because  of 
advances  in  sonic  anemometry  which,  coupled  with  developments  in  the  rapid- 
ly growing  data  processing  and  recording  field,  enabled  scientists  to  analyze 
large  quantities  of  turbulence  data  in  a  relatively  short  time. 

The  sonic  anemometer  offered  several  advantages  over  the  bivane  and  hot-wire 
systems.  It  has  no  moving  parts  to  come  into  dynamic  equilibrium  with  the 
flow,  so  its  frequency  response  is  limited  only  through  the  attenuation  in  the 
spatial  response  imposed  by  line  averaging  along  the  path.  It  responds  linearly 
to  wind  velocity  and  is  relatively  free  of  contamination  from  other  velocity 
components  or  temperature.  As  an  absolute  instrument,  its  calibration  is 
established  by  its  design  parameters. 
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The  use  of  sonic  anemometers  in  micrometeorological  studies  was  pioneered  by 
Suomi  (1957).  In  his  instrument,  acoustic  pulses  were  propagated  in  opposite 
directions  along  a  1-m  path  to  determine  wind  velocity  along  the  path.  He  de- 
monstrated the  feasibility  of  sonic  anemometry  for  turbulence  measurement 
but  encountered  substantial  difficulties  in  detecting  the  leading  edge  of  the  re- 
ceived pulses.  This  problem  led  later  workers  in  the  United  States  (Kaimal  and 
Businger,  1963)  and  the  USSR  (Gurvich,  1959;  Bovsheverov  and  Voronov, 
1960)  to  turn  to  continuous  wave  techniques,  which  avoided  some  of  the  dif- 
ficulties of  the  pulse  technique.  Measuring  transit  time  differences  with  phase 
comparators  proved  more  dependable,  so  the  early  field  instruments  used  the 
continuous-wave  technique.  However,  inherent  drifts  in  the  zero-wind  calibra- 
tion due  to  thermal  drifts  in  the  transducers  and  the  need  for  a  multiplicity  of 
frequencies  in  any  three-axis  configuration  led  investigators  to  reexamine  the 
pulse  approach  and  overcome  some  of  the  problems  encountered  in  the  earlier 
versions.  The  instruments  described  by  Mitsuta  (1966)  and  Kaimal  et  al.  (1974) 
use  the  pulse  approach  to  advantage.  In  the  USSR  continuous-wave  systems 
still  remain  in  use  (Koprov  and  Sokolov,  1973),  and  a  three-dimensional  ver- 
sion utilizing  one  transmitter  and  four  receivers  is  described  by  Bovsheverov 
etal.  (1973). 

Recent  developments  in  sonic  anemometry  have  been  aimed  at  adapting  it  for 
continuous  operation  on  towers  and  reducing  its  cost.  The  author's  orthogonal, 
three-dimensional  array  used  on  the  Boulder  Atmospheric  Observatory's 
300-m  tower  is  designed  for  wider  azimuth  coverage  of  wind  directions  than 
was  possible  in  earlier  versions.  Kaijo  Denki  Co.  of  Tokyo,  Japan,  offers  several 
array  configurations  including  the  type  mentioned  above.  A  single-axis  proto- 
type of  a  low-cost  phase  locked  loop  system  has  been  tested  successfully  by  the 
Atmospheric  Sciences  Department  at  the  University  of  Washington,  but  further 
development  work  is  needed  to  convert  it  into  an  operational  three-axis  sys- 
tem. 

2.  Principle  of  Operation 

The  sonic  anemometer  measures  wind  velocity  components  from  arrival  times 
(or  phase)  of  acoustic  signals  transmitted  in  opposite  directions  across  a  fixed 
path.  Fig.  1  illustrates  the  effect  of  wind  V  on  the  sound  ray  vectors  for  a 
single-axis,  dual-path  sonic  anemometer.  The  paths  are  parallel  and  closely 
spaced  to  minimize  errors  arising  from  velocity  and  temperature  differences  be- 
tween the  two  paths.  Assuming  a  uniform  wind  and  temperature  field  within 
the  array  the  transit  times  for  two  opposing  pulses  traveling  from  T1  to  R1  and 
T2  to  R2  can  be  approximated  by 
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Fig.  1.  Sound  ray  vectors  for  single-axis  sonic  anemometer  showing  principle 
of  operation.  Symbols  T  and  R  represent  the  transmitter  and  receiver,  respec- 
tively. 
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where  t,  and  t2  are  the  transit  times  for  the  two  pulses,  d  is  the  path  length, 
Vd  is  the  velocity  component  along  the  path,  c  is  the  velocity  of  sound  in  air, 
and  7  =  sin_1(Vn/c),  Vn  being  the  velocity  component  normal  to  the  path. 
The  transit  time  difference  is  therefore 
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The  speed  of  sound  is  a  function  of  temperature  and  water  vapor  content  and 
can  be  expressed  in  the  form  (Kaimal  and  Businger,  1963) 

c2  =403T(1+0.32e/P)  [5] 

where  T  is  the  absolute  temperature,  e  is  the  vapor  pressure  of  water  and  P  is 
the  atmospheric  pressure  with  all  terms  expressed  in  SI  units.  The  vapor  pres- 
sure term  is  small  and  usually  negligible,  as  are  fluctuations  in  T  compared  to 
the  mean  absolute  temperature.  From  [4]  and  [5]  we  have 

,201.5  T,  rcl 

Vd  =  [  — —  ]  At.  [6] 

When  T  (mean  temperature)  is  known,  the  measurement  of  Vd  reduces  to  a 
simple  measurement  of  transit  time  difference  whereas  the  sign  of  At  indicates 
the  direction  of  the  velocity  component.  Therefore  the  accuracy  of  the  mea- 
sured velocity  depends  on  the  precision  of  the  At  measurement.  For  typical 
values  of  d  =  0.2  m  and  T  =  25°C,  a  minimum  resolution  of  0.1  /is  (3  cm/s"  ' ) 
is  needed.  The  effective  resolution  can  be  improved  by  averaging  10  or  20 
successive  acoustic  transmission  so  that  each  data  point  is  a  block  average  over 
the  preceding  sampling  interval  (Kaimal  et  al.  1974).  This  prefiltering  has  the 
added  advantage  of  reducing  distortions  at  the  high  frequency  end  of  spectra 
due  to  aliasing. 

Sonic  anemometers  using  only  one  transducer  at  each  end  of  the  path,  switch- 
ing alternately  between  transmitter  and  receiver  modes,  are  now  available  from 
Kaijo  Denki  Co.  The  benefits  include  reduced  interference  to  airflow  and 
smaller  temperature  drifts  in  the  measurements.  The  drawbacks  are  a  lower 
sampling  rate  (<10  Hz)  to  allow  for  settling  times  in  the  transducers  and  con- 
sequent inability  to  block  average  data  by  transmitting  more  frequently  than 
is  needed. 

It  is  instructive  to  examine  the  error  introduced  by  the  simplifying  assumption 
c2  =  403  T  which  led  to  the  expression  in  Eq.  [6] .  Separating  the  terms  in 
Eq.  [5]  into  their  mean  and  fluctuating  parts  (denoted  by  overbars  and  primes, 
respectively),  and  neglecting  the  higher  order  terms, 

The  humidity  fluctuation  term  is  usually  negligible.  The  effect  of  the  tempera- 
tuie  fluctuations  on  the  velocity  measurement  can  then  be  expressed  as 
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(Vd)m=Vd(1-E),  [8] 

where  the  subscript  m  indicates  the  measured  value.  The  error  is  less  than  1  %, 
but  could  be  large  if  a  significant  temperature  trend  occurs  during  the  observa- 
tion period.  Hourly  updating  of  T  is  essential  especially  during  the  transition 
periods.  Friehe  (1976)  has  shown  that  error  introduced  by  the  temperature 
fluctuation  term  in  Eq.  [8]  is  negligibly  small  in  the  variance  and  heat  flux 
calculations  but  can  be  as  large  as  —3.6  %  in  the  momentum  flux. 

An  alternate  approach  avoids  the  velocity  error  caused  by  fluctuations  in  c2. 
If  instead  of  (t2  -  t, ),  the  difference  between  their  reciprocals  ( 1  /t1  -1/t2)  is 
computed,  the  resulting  term  2V/d  is  independent  of  c2.  The  difficulty  of  mea- 
suring small  differences  between  the  reciprocals  of  two  relatively  large  num- 
bers with  sufficient  accuracy  diminishes  its  attraction  to  the  instrument  design- 
er. However,  Kaijo  Denki  offers  this  option  in  the  digital  version  of  its  sonic 
anemometer. 

In  addition  to  wind  measurement  some  sonic  anemometers  (Mitsuta,  1974) 
provide  temperature  measurements  by  computing  the  sum  of  the  transit  times. 
But  the  temperature  information  is  contaminated  by  the  crosswind  Vn  and  by 
humidity  (to  a  lesser  extent)  since  they  have  the  same  effect  on  t,  and  t2. 
Under  convective  conditions  in  the  first  30  m  or  so  of  the  boundary  layer,  the 
contamination  is  negligible,  but  in  neutral  and  stable  air  where  the  actual  tem- 
perature fluctuations  are  small,  the  fluctuations  in  Vn  appear  prominently  in 
the  measured  temperature  signal  (Kaimal,  1969). 

3.  Measuring  the  Vertical  Component  of  the  Wind 

The  geometry  of  the  single-axis  sonic  anemometer  array  is  particularly  well 
suited  for  measuring  the  vertical  wind  component  w  since  the  transducers  inter- 
fere little  if  at  all  with  airflow  along  the  path  when  the  path  is  oriented  normal 
to  the  flow.  This  is  significant  since  in  most  other  wind  sensors  w  is  the  hard- 
est component  to  measure  accurately.  Shifts  in  azimuth  wind  directions  do  not 
affect  the  accuracy  of  the  measurement  except  when  the  acoustic  path  is  in  the 
wake  of  the  supporting  frame.  Bivanes  and  hot-wire  x-probes  do  not  measure 
the  w  component  directly,  but  provide  inclination  angle  measurements  from 
which  w  must  be  computed. 

Fig.  2  is  one  of  the  first  records  of  simultaneous  w  and  temperature  measure- 
ments. It  shows  a  convective  plume  at  3.5  m,  with  pronounced  updraft  within 
the  core  of  the  plume  (as  defined  by  the  sawtooth  temperature  burst),  and 
downdrafts  in  the  thermally  quiescent  regions  upwind  and  downwind  of  it. 
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Time  — — 
Fig.  2.  Simultaneous  records  of  vertical  velocity  and  temperature  fluctuations 
in  a  convective  plume  obtained  with  a  sonic  anemometer-thermometer. 
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F/^.  J.   Vertical  velocity  fluctuations  measured  on  a  430m  tower  show  large- 
scale  convective  plume  formed  by  merging  of  smaller  ground-based  plumes. 
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These  individual  updrafts  merge  into  larger  plumes  as  they  ascend  above  100  m 
as  seen  in  sonic  anemometer  records  in  Fig.  3  obtained  from  four  levels  on  a 
430-m  tower  (Kaimal  and  Haugen,  1967).  Peak  vertical  velocities  observed  here 
are  of  the  same  order  as  the  horizontal  wind  speeds  (5  to  6  ms~  1  )  during  that 
period.  Thus,  sonic  anemometers  intended  for  measuring  w  on  tall  towers 
should  have  a  range  comparable  to  that  needed  for  horizontal  velocity  measure- 
ments. 


4.  Measurement  of  Horizontal  Velocity  Components 

The  integration  of  two  horizontal  axes  to  the  vertical  array  should,  in  principle, 
provide  the  full  three-dimensional  information  on  the  wind  field  needed  for 
turbulence  studies.  But  the  problem  of  designing  a  three-dimensional  array 
with  unobstructed  exposure  for  all  the  axes  is  not  a  trivial  one.  A  non-orthogo- 
nal array  which  has  evolved  in  recent  years  (Kaimal  et  al.  1974;  Mitsuta, 
1974)  has  its  horizontal  axes  separated  by  a  120-deg.  angle  to  provide  a  reason- 
ably wide  (90  deg)  azimuth  coverage  (see  Fig.  4).  Even  with  such  a  coverage 
the  array  often  must  be  reoriented  once  every  hour  to  ensure  that  the  natural 
variations  in  wind  direction  do  not  exceed  the  desired  range.  Such  reorientation 
of  the  array  can  be  achieved  remotely  if  the  array  is  mounted  on  an  antenna 
rotor  (see  Fig.  5).  The  wind  outputs  from  the  horizontal  axes  are  monitored 
on  a  strip-chart  recorder  to  determine  the  orientation  of  the  array  with  respect 
to  the  wind. 


Fig.  4.  Relationship  between  the  horizontal  axes  of  a  three-axis  sonic  anemom- 
eter and  the  vector-mean  axes  of  the  wind.  Coordinate  transformation  for  con- 
verting wind  measurements  to  velocity  components  along  the  vector-mean  axes 
are  given  in  Eq.  [9] . 
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In  the  array  of  Fig.  5  the  vertical  component  (w)  is  obtained  directly  from  the 
vertical  axis,  but  the  streamwise  (u)  and  lateral  (v)  components  must  be  com- 
puted from  velocities  VA  and  VB  measured  along  the  horizontal  paths  A  and 
B  (see  Fig.  4).  If  a  is  the  angle  between  the  vector-mean  wind  directions  and 
the  axis  of  symmetry  for  the  array, 


1 


1 


u  =  VA  (cosa  —  —jz.  sina)  +  VB  (cosa  +— -p  sina); 


1 


1 


v  =  — VA  (  -y=  cosa  +  sina)  +  VB  (  -j~  cosa 


sina); 


a  =  tan 


-1 


V   -V 


\/3(VB+VA) 


[9a] 
[9b] 

[9c] 


The  overbar  denotes  time  average  over  a  suitably  long  interval.  In  the  instance 
of  a=  Owe  have  u  =  VA  +  VB  and  v  =  (1/^3)(VB-VA) 


Fig.  5.  Three-axis  sonic  anemometer  array  (EG&G  Model  198-3)  using  the 
geometry  of  Fig.  4  avoids  the  need  for  support  members  upwind  of  acoustic 
paths.  Array  is  mounted  on  a  remotely-controlled,  antenna  rotor  and  period- 
ically oriented  into  the  mean  wind.  Path  length  in  each  axis  is  20  cm. 
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Although  this  arrangement  is  ideal  for  surface  layer  measurements  where  ob- 
servation periods  can  be  conveniently  broken  up  into  hourly  segments  it  is  not 
well-suited  for  continuous,  unattended  operation  on  tall  towers.  A  different 
configuration  of  the  axes  is  needed.  One  such  array,  designed  for  use  on  the 
Boulder  Atmospheric  Observatory  (BAO)  300-m  tower,  is  shown  in  Fig.  6.  The 
axes  are  orthogonal,  with  the  vertical  axes  kept  upwind  of  the  other  axes  to 
optimize  the  vertical  velocity  measurement.  The  acceptable  azimuth  range  for 
the  vertical  axis  is  clearly  much  larger  in  this  array  than  in  the  array  in  Fig.  5; 
the  unacceptable  segment  would  be  useless  anyway  because  of  shadowing 
caused  by  the  tower.  However,  the  horizontal  wind  measurements  fare  less  well 
in  this  arrangement.  An  underestimation  in  the  wind  (Mitsuta,  1974)  can  be 
expected  when  the  mean  wind  direction  is  along  either  axis.  This  error  is  cor- 
rected in  the  data  processing  routine  by  a  first  order  approximation  of  the  wind 
direction  (see  Section  8).  Interference  from  supports  for  the  crosswind  axis  is 
also  minimized  by  vertically  separating  the  horizontal  paths.  The  main  dis- 
advantage for  surface  layer  measurements  is  the  large  spatial  separation  be- 
tween the  horizontal  axes  and  the  vertical  axis. 

5.  Some  Consequences  of  Array  Geometry 

The  dimensions  of  the  array  and  the  configuration  of  the  acoustic  paths  have 
pronounced  effect  on  the  spectral  responses  at  wavelengths  (X)  approaching  the 
size  of  the  array.*  Line-averaging  along  the  acoustic  path  attenuates  wave- 
lengths smaller  than  27rd.  The  shape  of  the  transfer  function  varies  with  orien- 
tation of  the  path  relative  to  the  mean  wind  direction  (Kaimal  et  al.,  1968; 
Horst,  1973).  In  the  streamwise  direction  the  response  drops  as  sin2x/x2, 
approaching  zero  at  wavelength  d.  In  the  crosswind  direction  the  roll-off  is 
more  gradual,  with  the  half-power  point  at  wavelength  d.  When  measurements 
along  the  different  axes  are  combined  to  resolve  the  wind  fluctuations  along 
the  streamwise  (x)  and  lateral  (y)  directions  (Fig.  4),  the  response  is  more 
complex  because  of  the  spatial  separation  between  the  axes.  Transfer  functions 
for  u,  v,  and  w  measured  by  the  array  of  Fig.  5  are  presented  in  Fig.  7.  The 
term  transfer  function  is  used  rather  loosely  here  for  the  ratio  of  measured  to 
true  spectral  density.  Strictly  speaking  the  curves  are  not  transfer  functions 
since  they  require  an  assumption  of  the  spectral  form  for  the  velocity  field.  The 
curves  were  computed  for  the  specific  instance  of  d  =  0.2  m  and  a  horizontal 
separation  distance,  s  =  0.6  d,  between  the  midpoints  of  the  paths. 


Wavelength  a  is  approximated  by  VH/n  where  VH  is  mean  horizontal  wind  vector  and  n  is 
the  cyclic  frequency. 
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Fig.  6.  Three-axis  sonic  anemometer  array  (Ball  Bros.  Model  125-197,  198) 
designed  for  fixed-boom  operation  uses  an  orthogonal  configuration  with 
25-cm  path  length  on  each  axis.  Array  provides  wide  azimuth  coverage  for  ver- 
tical axis  and  for  fast-response  temperature  sensor  mounted  in  vertical  probe. 
Horizontal  velocity  measurements  need  correction  for  blockage  from  trans- 
ducers. 


50 


a 

20 

n 

^_ 

o 

1.0 

01 

u. 

<n 

L. 

Ob 

0) 

? 

o 

a 

0? 

o 

c 
o 

01 

«_ 

<-> 

D 

0  05 

1 

1         1         ' 

1 

1 

1 

Nj 

Zrrd 

l 

1         1         1 

1 

1 

1 

.0  01 

Wavelength    (m) 


0.01 


Fig.  7.  Transfer  functions  for  u,  v,  and  w  for  three-axis  array  in  Fig.  5.  Distor- 
tions in  spectral  response  become  apparent  at  wavelengths  smaller  than  2nd 
(1.26  m  for  this  array). 
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The  effects  of  spatial  separation  merit  further  discussion.  Distortions  in  the 
spectral  response  of  u  and  v  arise  because  wavelengths  smaller  than  27rs  are  not 
properly  transformed  by  Eq.  [9] .  As  the  wavelength  decreases,  the  Fourier 
components  of  velocity  observed  along  A  and  B  become  increasingly  uncorre- 
cted. In  the  limit  when  no  correlation  exists,  the  u  spectrum  is  overestimated 
by  a  factor  of  2.5  and  the  v  spectrum  is  underestimated  by  a  factor  of  0.625 
(Kaimaletal.,  1974). 

Spatial  separation  between  sensors  (e.g.  the  w  path  and  the  fast-response  tem- 
perature and  humidity  sensors)  also  introduces  a  limitation  on  the  high-fre- 
quency response  in  flux  cospectra.  A  diminishing  correlation  between  the  sen- 
sors at  wavelengths  smaller  than  27r  times  the  separation  distance  can  be  expect- 
ed, which  leads  to  the  simple  requirement  that  the  separation  distance  be  made 
no  larger  than  the  length  of  the  w  path  in  the  sonic  anemometer. 

In  the  orthogonal  array  of  Fig.  6,  partial  shadowing  of  the  acoustic  path  by  the 
transducers  causes  the  velocity  readings  to  be  underestimated.  Results  of  wind 
tunnel  and  atmospheric  tests  indicate  a  linear  drop  in  response  for  angles  be- 
tween 0  and  75  deg  relative  to  the  acoustic  path  (see  Fig.  6).  For  the  path 
length-to-transducer  diameter  ratio  of  25  appropriate  to  this  array  (heavy  line 
in  Fig.  8),  the  measured  wind  component  (Vd)m  can  be  approximated  by 


(vd)m 


where 


V  .  (0.87  +  0. 1 3  6 lib),  for  0  <  0  <  75 

[10] 
V„  for  75  <  0  <  90 


0  =  tan-1     ^-  .  [11] 

ivdl 

A  first  order  approximation  to  the  instantaneous  angle  0  using  wind  com- 
ponents measured  along  the  two  horizontal  axes  is  found  to  be  adequate  for 
correcting  the  two  wind  components.  With  such  a  correction,  the  effect  of 
transducer  shadowing  is  hardly  apparent  in  the  mean  wind  profiles  and  in  the 
second  moments  involving  u  and  v. 

Another  type  of  error  can  result  from  small  offsets  in  the  array  geometry  and 
in  the  leveling  of  the  array.  The  parameter  most  affected  is  the  covariance  of 
u  and  w,  which  represents  the  vertical  momentum  flux.  Kaimal  and  Haugen 
(1969,  1971)  have  shown  that  the  error  can  be  very  large  in  unstable  air  (typic- 
ally 25  %  for  1-deg  tilt)  and  recommend  a  0.1 -deg  accuracy  in  the  mechanical 
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Fig.   8.  Sonic  anemometer  response  to  wind  component  along  acoustic  path 
for  various  path  length  to  transducer  diameter  ratios  shown  as  a  function  of 
wind  direction.  Heavy  line  represents  velocity  error  in  the  sonic  anemometer 
of  Fig.  6  (see  Eq.  [10]). 

alingment  of  the  probe  and  in  the  leveling.  This  requirement  is  stringent  but 
worth  pursuing  for  accuracy  in  the  momentum  flux  measurement.  Heat  flux 
and  variance  measurements,  on  the  other  hand,  are  not  as  sensitive  to  alignment 
and  tilt  errors. 


6.  Sampling  Rates  and  Run  Lengths 

The  upper  frequency  limit  dictated  by  the  array  dimensions  determines  the 
maximum  sampling  rate  for  sonic  anemometer  data.  Allowing  an  additional 
octave  at  the  high-frequency  end  for  aliasing  effects,  this  sampling  rate  n$  may 
be  specified  in  terms  of  the  path  length  and  the  mean  horizontal  wind  vector 
(Vu)as 


ns  =  2VH/7rd. 


12] 


For  typical  5  to  6  ms_  1  winds  and  a  path  length  of  0.2  m  the  sampling  require 
ment  can  be  rounded  off  to  20  Hz.  This  restriction  on  bandwidth  imposed  by 
array  size  is  not  a  serious  limitation  for  most  turbulence  studies  at  heights 
above  4  m  since  the  inertial  subrange  is  usually  well  established  at  10  Hz  in  that 
height  range  and  no  significant  contributions  to  the  turbulent  fluxes  are  expect- 
ed from  higher  frequencies. 
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The  relation  between  observation  height  and  high-frequency  spectral  behavior 
is  highlighted  in  Fig.  9  by  a  line  marking  the  frequency  at  which  X  equals  z, 
the  height  above  ground.  The  spectra  shown  here  are  typical  for  velocity  fluc- 
tuations over  flat,  unobstructed  terrain.  Their  behavior  is  predictable  for  wave- 
lengths X(=VH/n)  smaller  than  z/2.  The  —2/3  slope  at  the  high-frequency  (or 
short-wavelength)  end  corresponds  to  the  Kolmogorov  —5/3  power  law  pre- 
dicted for  a  one-dimensional  velocity  spectrum  in  the  inertial  subrange.  The  4/3 
ratio  between  the  transverse  (v  and  w)  and  longitudinal  (u)  spectral  intensities 
predicted  for  local  isotropy  is  also  apparent  in  that  frequency  range.  Thus,  with 
the  spectral  curves  established  down  to  at  least  an  octave  into  the  inertial  sub- 
range, their  behavior  through  the  rest  of  the  inertial  subrange  can  be  obtained 
by  simple  extrapolation. 


n  (Hz) 

Fig.  9.  Typical  surface  layer  velocity  spectra  for  unstable  daytime  conditions 
obtained  with  the  sonic  anemometer  shown  in  Fig.  5  at  z  =  32  m.  The  high-fre- 
quency ends  of  spectra  have  been  corrected  for  distortions  introduced  by  the 
anemometer's  spatial  response  and  by  aliasing.  The  boundary  layer  depth  z.  for 
this  run  was  2095  m. 
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On  the  low-frequency  side,  the  day-time  w  spectrum  rolls  off  as  n+ ' ,  peaking  at 
a  wavelength  roughly  5.9  times  z  (Kaimal  et  al.,  1972)  which  suggests  that  in 
principle  a  height-dependent,  low-frequency  cutoff  can  be  specified  for  w.  This 
is  not  possible  with  u  and  v  since  they  tend  to  scale  with  zj(  the  convective 
boundary  layer  depth,  rather  than  z.  The  wavelength  at  the  peak  corresponds 
to  roughly  X  =  1 .5Zj  (Kaimal,  1978)  as  seen  in  Fig.  9.  In  contrast  to  w,  the  u 
and  v  spectra  often  show  a  tendency  to  rise  again  in  response  to  the  large-scale, 
two-dimensional  fluctuations  in  the  velocity  field  (not  shown  in  figure).  An 
optimum  cutoff  point  for  boundary  layer  studies  would  be  the  spectral  mini- 
mum which  occurs  roughly  a  decade  below  the  peak  frequency.  Record  lengths 
of  1-hr  duration  provide  spectral  information  down  to  approximately  0.0003 
Hz,  close  to  the  expected  u  and  v  spectral  minima.  For  most  surface  layer  work 
the  bandwidth  offered  by  data  collected  at  20  Hz  rate  over  1-hr  observational 
periods  should  prove  adequate. 

7.  Concluding  Remarks 

The  sonic  anemometer  with  its  rapid  response,  linear  output  and  stable  calibra- 
tion has  become  a  valuable  tool  for  atmospheric  research.  It  has  provided  high- 
quality  turbulence  data  in  a  number  of  field  experiments  conducted  during  the 
last  decade.  A  new  three-axis  configuration  is  currently  being  used  for  con- 
tinuously monitoring  the  wind  at  eight  levels  on  the  Boulder  Atmospheric 
Observatory's  300  m  tower. 

Because  of  its  complexity  and  high  cost,  the  sonic  anemometer  is  likely  to  re- 
main a  research  instrument.  Attempts  are  being  made  to  reduce  cost  and  to 
simplify  its  operation.  Even  if  these  attempts  are  successful,  the  sonic  ane- 
mometer has  an  inherent  limitation  which  precludes  its  use  in  adverse  weather 
conditions.  The  instrument  fails  to  respond  in  rain,  wet  snow,  and  heavy  fog. 
Formation  of  water  drops  on  the  transducer  temporarily  affects  its  operation. 
Thus  the  sonic  anenometer's  main  contribution  will  be  in  fair-weather  observa- 
tions of  atmospheric  turbulence,  where  it  is  still  the  instrument  of  choice 
amoung  boundary-layer  physicists. 
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Abstract 

Applications  of  lidar  techniques  to  the  study  of  atmospheric  particles,  and  the  use  of 
particles  as  tracers  are  discussed.   A  comparison  of  radar  and  lidar  for  cloud  studies  is 
presented.   The  study  of  cloud  processes,  the  detection,  identification  and  tracing  of  par- 
ticulate pollution,  and  the  measurement  of  atmospheric  vortices  and  wind  by  lidar  are 
described. 

Introduction 

» 

In  1962,  Fiocco  demonstrated  backscatter  of  laser  beams  from  atmospheric  constituents. 
Since  then  lasers  have  been  used  to  measure  characteristics  and  motion  of  clouds  and  aero- 
sols, the  variation  of  refractive  index,  the  concentration  of  gases,  and  meteorological 
variables  such  as  wind  velocity,  temperature,  and  humidity  profiles.   Because  such  a  wide 
range  of  applications  can  be  examined  only  superficially  in  the  space  and  time  available, 
this  paper  is  confined  to  applications  of  lidar  to  the  sensing  of  atmospheric  particles 
and  to  some  techniques  depending  on  particle  backscatter.   Important  developments  such  as 
line-of-sight  techniques,  differential  absorption  or  Raman  scatter  are  not  covered. 

Specifically,  the  study  of  cloud  development  processes  by  lidar,  the  use  of  lidar  com- 
bined with  other  sensors,  applications  of  lidar  to  tracking  of  smoke-stack  effluent,  the 
identification  of  aerosols  by  lidar  and  other  remote  sensing  techniques,  and  the  use  of  CW 
Doppler  lidar  techniques  will  be  considered.   In  addition,  crucial  problems  of  calibration 
and  mathematical  inversion  techniques  required  for  precise  evaluation  of  atmospheric  data 
will  be  briefly  reviewed.   First  we  consider  the  relative  effectiveness,  the  differing 
roles,  and  the  importance  of  combined  uses  of  radar  and  lidar  techniques. 

Roles  of  Radar  and  Lidar  in  Cloud  Studies 

In  the  final  analysis,  a  complete  understanding  of  the  comparative  signal-to-noise  ratio 
of  a  lidar  and  a  radar  system  depends  on  the  mission  and  specific  system  configurations. 
It  is  possible,  however,  to  gain  considerable  insight  into  comparative  performance  by  a 
nearly  "system-free"  analysis.   This  analysis  depends  on  the  target  and  medium  characteris- 
tics, namely  the  backscatter  coefficient  B  and  the  extinction  coefficient  Bext-  Tne  analy- 
sis depends  on  the  mission  through  the  range,  R,  and  the  cloud  thickness  H.   It  is  not 
possible  to  achieve  a  completely  system-free  analysis  because  the  fundamental  noise  charac- 
teristics of  detectors  are  frequency  dependent. 

Active  electromagnetic  remote  sensors  may  detect  rain,  ice  and  water  clouds,  aerosols, 
turbulence  (inhomogeneities  in  refractive  index)  and  Rayleigh  scatter  from  molecules.   (We 
do  not  consider  inelastic  scatter  such  as  Raman  or  fluorescence  effects.)   Table  1  lists 
approximate  relative  backscatter  coefficients  for  ruby  lidar  and  1  cm  radar.   The  coeffici- 
ents for  turbulence  were  calculated  from  the  formula 

n  =  0.39  C  V1/3  (1) 

n 

2     -12       1  f%         2  /  ^ 
assuming  Cn  =  10"   to  10"   (m~    ) .   The  use  of  the  formula  at  visible  wavelengths  over- 
estimates turbulence  because  of  the  rapid  falloff  of  turbulent  energy  at  small  scales. 
Turbulence  contributes  to  optical  beam  wander  (scintillations)  but  not  to  backscatter. 

. Table  1.   Typical  Backscatter  Coefficients  (m"  sr"  ) 

Particles  Turbulence      Molecular  Scatter 

(Total  J 

Rain  L     Cont  Cu     C.3       Cirrus  Aerosols 

Lidar  (.7um)  2.9xl0"2    2.6xl0~3   4.6xl0"3  lxlO"6      10"35  (or  less>   3.Sxl0"7 

Radar  (1  cm)   2.7xl0"5   5.6xl0"10   1.2xl0"13  7xl0~13   1.3xl0~15   (10~13  to  10~16)*   "10~23 
•Assume  C  2  =  10~12  to  10"16m"  •   perhaps  greater  in  layers. 


n 


Rain  L  and  Cloud  C.3  are  Deirmendjian  models.   Cont  Cu  is  an  abbreviation  for  continental  cumulus. 
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The  essential,  or  irreducible  noise  temperature,  Te  =  hv/k ,  where  h  is  Planck's  constant, 
k  is  Boltzmann's  constant  and  v  is  the  radiation  frequency.   Actual  (effective)  noise 
temperatures  may  be  much  greater.   The  effective  noise  temperature  Tcff  =  1°/Q,  where  Q  is 
the  quantum  efficiency.   (At  microwave  frequencies,  the  noise  characteristics  are  usually 
given  by  the  noise  figure.)   The  essential  noise  temperature  for  a  10  cm  radar  is  0.14  K, 
and  for  ruoy  J.idar  at  0.69  ym  is  20732  K. 

Combining  the  essential  factors,  a  relative  signal-to-noise  ratio  is  defined  as: 


SNR 


f-2  6   (R-H)] 
Be   ext  (2) 


2 

eff 


This  criterion  of  performance  may  be  used  to  determine  the  relative  siqnal-to-noise  ratios 
of  microwave  and  optical  systems.   The  formula  incorporates  the  assumption  that  the  detec- 
tor noise  Teff  dominates  all  other  noise  sources;  it  is  not  applicable  to  background  limit- 
ed systems.   We  may  make  the  comparison  by  determining  a  mission,  from  which  the  range,  R, 
and  the  cloud  depth  H  are  determined,  and  by  determining  the  appropriate  backscatter  and 
extinction  coefficients  for  optical  and  microwave  frequencies. 

Extinction  and  radar  backscatter  coefficients,  and  effective  temperatures  are  given  in 
Table  2.   The  extinction  and  radar  backscatter  coefficients  are  given  for  the  Deirmendjian 
cloud  model  C.l  to  illustrate  their  very  larae  range  from  microwave  to  ultraviolet  wave- 
lengths.  The  effective  temperatures  are» chosen  by  assumina  maser  amplifiers  are  used  from 
0.10  to  0.0321  (m)  wavelengths,  traveling  wave  tubes  are  used  from  0.124  to  .002  m  wave- 
lengths and  representative  commercial  detectors  are  available  for  wavelengths  1.2  x  10-5  to 
.347  x  10-&m. 

Table  2. Backscatter  Coefficients,  Radar  and  Lidar 


System      Wavelength  (m)    Teff(K)  Bextfm"1)          B'tm^sr"1) 

S-band  radar       lxlO"1         34.8  1.3x10-7         9.9x10-16 

X-band  radar       3  x  10"2         34.8  1.3  x  10"6         1.2  x  10-13 

K-band  radar       1  x  10-2        60o  1.2  x  10 "5         9.4  x  10" I2 

C02  lidar          1  x  10"5       2878  1.1  x  10"2         2.4  x  10~4 

Ruby  lidar         6.94  x  10"7   518293  1.7  x  10"2         1.1  x  10  - 2 

Ruby  lidar         3.47  x  lO'7   138211  1.7  x  10"2         1.1  x  10"2 

(second  harmonic) 

*For  Deirmendjian  model  cloud  C.l.   

The  large  noise  temperature  in  the  optical  range  of  wavelengths  is  offset  by  the  very  large 
advantage  (by  fourteen  orders  of  magnitude)  of  the  radar  backscatter  coefficient.   The  ef- 
fect of  the  extinction  coefficient  is  to  limit  penetration.   Table  3  illustrates  the  pene- 
tration depths  of  lidar  and  microwave  radar  in  three  different  clouds. 


Table  3.   Penetration  Depths  (m) 


3-cm  Radar  Ruby  lidar 


Continental  Cumulus  9896  216 

Cloud  C.l  10589  408 

Cloud  C.3  (Very  large)  2142 

The  penetration  depth  is  defined  as  the  greatest  range  within  the  cloud  from  which  a  signal- 
to-noise  ratio  of  one  is  obtained,  given  a  signal-to-noise  ratio  of  1000  at  the  nearest 
edge  of  the  cloud.   Clouds  C.l  and  C.3  are  young  clouds  with  relatively  small  droplets  and 
continental   cumulus  is  a  well-developed  cloud  of  high  water  content.   Their  characteris- 
tics are  shown  in  Table  4  (Page  3). 

The  comparison  of  relative  signal-to-noise  ratio  for  3  cm  radar  and  .69  4  ym  lidar  is 
shown  in  Table  5  for  the  detection  of  a  closest  edge  of  a  cloud.   Clearly,  for  all  cases 
except  Rain  L,  the  lidar  has  the  greatest  signal-to-noise  ratio. 


On  the  other  hand,  if  we  consider  the  problem  of  detecting  a  cloud  parcel  lying  1  km 
within  a  cloud,  we  see  by  Table  6  that  the  lidar  has  greater  relative  signal-to-noise  ratio 
onlv  for  the  liahtest  of  clouds. 
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Table  4.   Cloud  Characteristics 


Cloud  Type 


Density  (kg/m3) 


Radius   (ym) 


Minimum 

Maximum 

Modal 

0.5 

4.3 

2.0 

0.03 

12.3 

4.0 

4.0 

1540.0 

70.0 

5.0 

20.0 

11.8 

C.3 
C.l 

Rain  L 
Cont.  Cu. 


0.4  x  10-5 
0.6  x  10"4 
0.1  x  10"3 
0.3  x  lO-3 


Table  5.   Relative  Signal-To-Noise  Ratio  (db) 
(Cloud  leading  edge  detection) 


Cloud  Type 


3  cm  Radar 


Ruby  Lidar 


C.3 
C.l 

Rain  L 
Cont.  Cu. 


60 
115 
-20 

60 


Table  6. 


Relative  Signal-To-Noise  Ratio  (db) 
(Cloud  Penetration) 


Cloud  Type 


3  cm  Radar 


Ruby  Lidar 


C.3 
C.l 

Rain  L 
Cont.  Cu. 


-60 

90 

150 

160 


The  results  given  above  make  precise  a  conclusion  that  is  intuitively  recognized:  a 
simultaneous  use  of  radar  and  lidar  can  extend  our  ability  to  study  cloud  growth  from  early 
formation  to  precipitation.   Simultaneous  observations  by  calibrated  systems  will  allow 
estimates  of  drop-size  distributions  and  the  observation  of  droplet  growth.   If  both  in- 
struments measure  depolarization,  glaciation  processes  can  be  studied  from  early  cloud 
development  to  precipitation. 

Applications  of  Lidar  to  the  Study  of  Cloud  Glaciation  Processes 

If  the  electromagnetic  plane  wave  incident  on  a  spherical  particle  is  polarized,  the 
wave  scattered  directly  backward  retains  the  same  polarization.   Non-spherical  particles 
may  produce  changes  of  polarization  in  backscatter.   A  simple  pair  of  detectors,  one  polar- 
ized in  the  same  direction  as  the  transmitted  wave,  and  one  accepting  cross-polarized 
radiation,  can  reveal  the  presence  of  non-spherical  particles  in  a  cloud. 


The  process  of  glaciation  is  very  important  in  cloud  development 
has  been  observed,  almost  all  rain  occurs  because  of  ice  formation 
Studies  have  shown  that  the  fractional  depolarization  is  a  reasonab 
of  the  cloud  water  substance  that  is  ice.  However,  even  for  clouds 
droplets,  depolarization  may  occur  if  the  density  of  droplets  is  la 
appreciable  multiple  scatter.  Because  multiple  scatter  effects  inc 
sity,  it  is  important  to  determine  when  polarization  measurements  a 
large  class  of  clouds,  it  can  be  shown  that  an  algorithm  may  be  def 
cases  in  which  depolarization  is  only  shape -de pendent  from  those  in 
plays  a  role. 


Although  "warm  rain" 
and  attendant  processes, 
le  guide  to  the  fraction 

composed  of  spherical 
rge  enough  to  cause 
rease  rapidly  with  den- 
re  affected.   For  a 
ined  to  distinguish 

which  multiple  scatter 


To  form  this  algorithm,  we  first  observe  that  multiple  scatter  depends  on  the  density  of 
scatterers  and  the  sample  volume  of  the  (pulsed)  lidar  system.   The  average  diameter  of  a 
sample  volume  for  which  L  is  1/2  the  lidar  pulse  length,  R  the  range  to  the  sample  volume, 
and  9  =  aperture  angle  is: 


(„*£_)■ 


/3 


(3) 


To  keep  in  mind  a  specific  example,  we  assume  L  =  5  m,  R  =  300  m,  and  9  =  4  x  10" 3  radians. 
For  this  representative  case,  the  average  diameter  is  6.2  m. 

When  the  extinction  coefficient,  Bextis  given  the  optical  depth  of  the  sample  volume  is 
defined  as: 


■  /' 


dz , 


and  is  a  function  of  the  number  and  size  of  particles  in  the  sample  volume. 

H2 


(4) 
The  integral 
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extends  over  the  diameter  of  the  sample  volume.   One  optical  depth  is  such  that  the  sum  of 
electromagnetic  cross  sections  of  the  particles  equals  the  cross  section  of  the  incident 
radiation  beam.   Statistically,  of  course,  this  means  that  in  traversing  the  medium,  1/e  of 
the  energy  is  lost  from  the  beam  and  the  probability  of  a  second  scattering  is  appreciable. 
The  criterion  for  the  strength  of  multiple  scatter  is  thus  clearly  dependent  on  the  optical 
depth  of  the  sample  volume.   (Higher  order  scatter  may  arise  from  energy  leaving  the  sample 
volume,  being  reflected  back  in,  and  then  reflected  to  the  receiver.   At  least  third  order 
scattering  is  required. )   A  generally  accepted  value  for  the  greatest  permissible  optical 
depth  in  the  sample  volume  is  t  =   0 . 3  to  avoid  multiple  scatter  effects. 

The  sample  volume  is  defined  by  characteristics  of  the  lidar,  but  the  optical  depth  re- 
quires a  knowledge  of  the  extinction  coefficient.   The  extinction  coefficient  may  be  deter- 
mined from  the  backscatter  coefficient,  measured  by  a  calibrated  lidar,  only  if  the  size 
distribution  of  the  particles  is  known.   However,  the  ratio  of  the  coefficients  8/Bext  i-s 
quite  stable  for  a  large  class  of  clouds.  Calculations  for  28  different  cloud  distributions 
give  an  average  value  of  0.65  with  a  standard  deviation  of  0.27  for  a  wavelenqth  of  0.7  ym. 
The  radar  backscatter  coefficients  for  these  clouds  range  from  1.5  x  10-7  to  0.14  (irr'sr"1) 
the  Sext  ranges  from  2.0  x  10 ~5  to  0.16.   The  densities  range  from  9.6  x  10  "9  to  1.1  x  10-3 
kg/rn-5,  and  the  model  radii  of  the  distributions  range  from  .05  to  27ym.   Thus  we  may  de- 
duce approximately  the  extinction  coefficient  from  the  radar  backscatter  coefficient  by  the 
formula  Bext  =  1.546.   The  formula  is  applicable  to  all  clouds  except  cirrus  with  very  large 
particles (greater  than  200  ym)  and  very  young  clouds  with  very  small  particles  (less  than 
. 05  ym) . 

To  restrict  the  sample  volume  diameter  (6.2  m  in  our  own  example)  to  0.3  optical  depths, 
&eXt  must  be  less  than  .048  (m- 1 )  or  6  must  be  less  than  .031  (m-lsf-i).   Thus  if  B  is  less 
than  .031  (m_1sr"M,  we  may  assume  significant  depolarization  in  clouds  is  caused  by  non- 
sphericity.   Note  that  a  specific  range  (3000  m)  is  assumed.   As  the  range  increases,  the 
sample  diameter  increases  as  R2/3. 

Two  techniques  may  be  used  to  reduce  the  depolarization  caused  by  multiple  scatter.  The 
first  is  to  decrease  the  angular  aperture  of  the  receiver.   Practical  limits  of  mounting 
stability  and  transmitter  beam  wander  prevent  apertures  much  less  than  10"3r.   A  second 
method  is  to  use  a  rectangular  field  stop  in  the  receiver  to  eliminate  scatter  from  parti- 
cles at  angles  other  than  those  nearly  90°  from  the  transmitter  polarization  vector.   The 
technique  requires  a  large  signal-to-noise  ratio,  but  clouds  are  large  lidar  targets  and 
frequently  permit  sacrificing  some  of  the  signal. 

Table  7  lists  the  scatter  coefficients  for  three  cloud  types.   We  see  that  the  lighter 
clouds  have  sufficiently  low  extinction  that  depolarization  must  be  caused  by  ice  forma- 
tion.  Fairweather  cumulus,  a  rather  dense,  well-formed  cloud,  would  show  some  depolariza- 
tion from  multiple  scatter.   In  principle,  the  size  of  the  effect  can  be  estimated.   In 
practice,  the  compensation  for  multiple  scatter  is  difficult. 


Table  7.   Scatter  Coefficients  for  Clouds 


Cloud  Type 


Density  (kg/m3) 


Bext  On-1) 


B  (m^sr"1) 


Cont.  Cu. 
Fairweather  Cu. 
Deirmendjian  C.3 


2.9  x  10-4 
1.1  x  10-3 
3.8  x  lO"6 


3.2  x  lO"2 
1.6  x  10"3 
3.0  x  10-6 


2.9  x  10-2 
1.1  x  10'1 
2.6  x  10"3 


One  of  the  principal  uses  of  the  measurement  of  depolarization  of  lidar  signals  is  the 
study  of  glaciation  in  clouds.   Figure  1  (page  5)  shows  glaciation  in  newly-formed  summer 
cumulus  clouds.   The  early  glaciation  in  these  clouds  appears  to  be  related  to  the  presence 
of  organic  ice  nuclei  active  at  higher  temperatures  ,v  -5°  to  0°,  in  the  summer  air  of  the 
Rocky  Mountain  Region.   Winter  clouds  may  remain  liquid  at  substantially  lower  tempera- 
tures.  The  precipitation  processes  in  the  two  instances  may  be  substantially  different; 
as  different  as  summer  thunder  storms  and  slowly  developing  winter  snowstorms.   Lidar  is 
essential  for  the  study  of  early  clouds.   As  the  clouds  develop,  radar  is  required  to 
achieve  the  necessary  penetration. 

Identification  of  Aerosols 

Depolarization  measurement  of  lidar  signals  is  one  of  the  techniques  used  in  remote 
identification  of  aerosols,  but  this  difficult  problem  requires  further  measurements.   In 
its  most  general  form,  the  identification  of  atmospheric  aerosols  by  lidar  backscatter  is 
impossible.   A  complex,  arbitrary  collection  of  aerosols  with  varied  indices  of  refraction, 
size,  shape  and  concentration  requires  many  parameters  to  describe  the  sample  and  at  least 
as  many  independent  measurements  to  solve  for  the  unknown  factors.   If,  however,  the  param- 
eters which  must  be  measured  to  describe  the  sample  are  limited  by  prior  knowledge  or  if 
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Fig.  1.   Unpolarized  and  polarized  lidar 
backscatter  signals  from  a  cloud. 

the  observer  requires  only  an  incomplete  description,  then,  a  smaller  number  of  observa- 
tions may  provide  the  desired  information.   Figure  2  shows  a  lidar  signal  which  permits 
discriminating  between  nearly  risen  strip  mine  dust  and  the  plume  of  a  large   power  plant 
by  a  simple  depolarization  method.   Experience  in  tracing  smoke-stack  olumes,  invisible  to 
the  eye,  has  shown  the  utility  of  this  identification  in  an  otherwise  clear  atmosphere. 
Figure  3  shows  the  ability  of  the  lidar  to  trace  a  plume  for  considerable  distance  down- 
wind.  Dust  olumes  are  eliminated  from  the  data. 


t. 
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Fig. 2.   Unpolarized  and  polarized 
lidar  backscatter  signals  from  dust 
and  a  power  plant  smoke-stack  plume. 


Fig.  3.   Cross  sections  of  a  plume 
from  a  power  plant  smoke-stack. 


Identification  of  more  complicated  targets  requires  additional  data.   Let  us  consider 
the  specific  problem  of  determining  size  distributions  of  water  cloud  droplets.   Clouds  may 
be  examined  by  polarized  lidar  and  identified  as  water  if  they  exhibit  no  depolarization. 
It  has  been  shown  that  measurement  of  the  scattering  coefficient  at  many  well-separated 
scattering  angles  gives  a  good  estimate  of  size  distribution.   Angle  measurements  require 
either  movable  lidar  systems  or  homogeneous  samples.   These  requirements  are  incompatible 
with  the  study  of  rapidly  moving  and  growing  clouds,  although  angle  scatter  has  been 
successfully  used  to  study  aerosols.   Thus  it  is  necessary  to  consider  what  can  be  done  to 
determine. size  distributions  solely  by  the  use  of  backscatter  information. 

The  limitation  to  backscatter  requires  that  we  vary  parameters  that  are  affected  by  par- 
ticle sizes.   The  backscatter  coefficient  of  a  spherical  particle  is  completely  specified 
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by  the  complex  index  of  refraction  and  the  radius  of  the  particle,  and  by  the  incident 
wavelength  of  steady  state  illumination.   Only  the  wavelength  of  the  radiation  is  at  the 
control  of  the  experimenter  and  the  characteristics  of  the  medium  must  be  deduced  from  the 
backscatter  coefficients  at  a  number  of  wavelengths. 

The  wavelengths  chosen  for  interrogating  the  medium  must  be  chosen  in  accordance  with 
three  conditions.   The  first  is  the  wavelengths  must  span  the  radii  in  the  significant 
parts  of  the  distribution.   Secondly,  the  wavelengths  must  be  sufficiently  different  that 
the  backscatter  signals  are  statistically  independent,  that  is,  uncorrelated.   Third,  they 
must  be  sufficiently  numerous  to  determine  the  parameters  of  the  distribution.   When  a 
simple  distribution  such  as  the  two-parameter  Marshall-Palmer,  or  four-parameter 
Deirmendjian  distribution  may  be  assumed  (based  on  a  climatology) ,  the  number  of  wave- 
lengths may  be  chosen  appropriately.   To  probe  an  entirely  unknown  distribution  of  many 
modes  requires  a  corresponding  expansion  of  the  number  of  wavelengths. 

It  is  relatively  easy  to  use  two  wavelengths  simultaneously  from  a  oowerful  ruby  lidar 
by  frequency  doubling.   Unless  filtered,  the  ultraviolet  wavelength  (.374  um)  and  the  red 
wavelength  (.694  um)  are  transmitted  simultaneously.   In  spite  of  the  complications  of 
complex  samples,  many  atmospheric  measurements  can  be  accomplished  simply.   Table  8  shows 
that  the  two  wavelengths  given  above  discriminate  between  clear  air,  clouds  and  smoke-stack 
plumes. 


Table  8, 


Dual  Wavelength  Measurements,  Colstrip,  Montana 
(Preliminary  Results) 


Relative  Scattering 
Cross  Section 


Scatterer 


uv 

Red 

16 

5 

1.03 

29 

0 

3.18 

47 

4 

41.3 

4840 

2000 

32 

8 

2.12 

3350 

252 

UV/Red  Ratio 


Clear  Air  (23000  Ft  MSL) 
Clear  Air  (1000  Ft  AGL) 
Cloud  (29000  Ft  MSL 
Cooling  Tower  Condensation 
Plume  (At  Stack) 
Plume  (Downwind 


16.0  (By  Definition) 
9.1 


1. 

2. 
15. 
13. 


Because  of  their  large  range  of  radii,  clouds  are  the  most  difficult  atmospheric  aero- 
sols to  measure.   To  obtain  a  drop-size  distribution  by  backscatter  requires  at  least  four 
wavelengths.   A  near  optimum  choice,  determined  by  mathematical  inversion  studies,  is  the 
set:  0.374  um,  0.694  um,  10.6  um,  and  1  mm.   In  practice,  a  1  cm  radar  is  used  rather  than 
1  mm.   Recent  observations,  comparing  in-situ  measurements  with  backscatter  at  0.374  um, 
0.694  um,  and  1.24  cm,  are  encouraging,  but  show  the  need  for  10.6  um  radiation  to  discrim- 
inate drop-sizes  between  ten  and  several  hundred  micrometers. 

Continuous  Wave  Doppler  Techniques 

Studies  of  atmospheric  motion  have  been  made  with  a  CW  C02  Doppler  lidar.   The  charac- 
teristics of  the  lidar  are  given  in  Table  9. 

The  lidar  system  depends  on  aerosols  as  tracers  of  air  motion  to  provide  the  Doppler 
shifted  backscattered  signal. 

Because  of  the  poor  range  resolution  of  this  system,  it  is  best  employed  on  concentrated 
targets.   The  range  resolution  is  achieved  by  focusing,  and  rapidly  deteriorates  with 
range.   Objects  readily  distinguished  from  the  ambient  air  or  background,  such  as  dust 
devils,  waterspouts,  or  smoke-stack  plumes  are  natural  targets  of  study.   The  high  angular 
resolution  permits  scanning  across  an  atmospheric  vortex  and  obtaining  velocity  profiles 
as  seen  in  Figure  4.   This  figure  shows  the  velocity  profile  of  a  waterspout  measured  as 
the  airborne  lidar  passed  in  steady  horizontal  flight  past  the  vortex.   Each  curve  is  a 
sweep  of  the  frequency  analyzer,  at  the  indicated  distance  from  the  center  of  the  vortex. 
The  curves  indicate  minimal  velocity,  generally,  in  the  center  of  the  vortex.   The  width  of 
the  velocity  distribution  is  a  measure  of  the  turbulence  in  the  waterspout.   The  difference 
of  the  peak  velocities  of  two  adjacent  traces  are  a  measure  of  the  shear.   (Of  course,  only 
motion  parallel  to  the  beam  is  measured^)   The  double  peaks  indicate  shears  that  can  be 
interpreted  as  nested  sheaths.   Visual  observations  have  been  made  of  the  sheath  structure 
of  waterspouts. 

Table  9.   Characteristics  of  a  CW  CO2  Doppler  Lidar 


Range 

Range  resolution 

Angle  resolution 


5  Km 

10  m  at  100  m 

0.2  mr 


Velocity  range 
Velocity  resolution 
Laser  power 


0-200  ras-1 
3  cm  s " * 
5  W 


«5 
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Fig.  4.   Profile  of  vortex  velocity  across  a  waterspout. 

These  Doppler  lidar  techniques  have  also  been  successfully  applied  to  measure  boundary 
layer  wind  shear  to  ranges  of  a  kilometer,  vertical  velocities  of  convective  cells,  wind 
profiles  to  a  range  of  1  km,  and  building  effects  on  wind  driven  stack  effluent.   The  lat- 
ter measurements  indicate  important  problems  in  the  design  of  exhaust  vents  in  nuclear 
power  plants  to  avoid  ingress  of  exhausted  air  through  intake  vents  under  variable  wind 
conditions. 

Perhaps  the  greatest  significance  of  the  CW  and  pulse  Doppler  lidar  devices  now  in  ex- 
istence is  the  impetus  given,  because  of  their  success,  to  major  developments  in  satellite- 
borne  Doppler  lidar.   The  feasibility  of  measurement  of  wind  profiles  from  satellites  is 
now  well-established.   If  the  benefits  are  worth  the  cost,  such  devices  can  be  built. 


Inversion  Techniques 

A  fundamental  problem  in  atmospheric  remote  sensing  is  the 
istics  of  the  medium  by  analysis  of  signals  from  it.   Mathemat 
nique  of  recovering  characteristics  from  emitted  or  scatter  si 
of  the  simplest,  and  most  effective,  is  to  graph  the  signals  a 
set  of  functions  describing  the  medium,  those  which  fit  best, 
niques,  such  as  Phillips-Twomey  or  Backus-Gilbert  techniques, 
the  data  permits.   One  of  the  major  problems  in  lidar  data  ana 
is  to  find  a  simple  technique  without  the  complications  of  the 
requiring  extensive  computer  time  that  can  be  employed  to  dete 
size  distribution  without  requiring  recovery  of  the  entire  fun 


determination  of  character- 
ical  inversion,  the  tech- 
gnals,  has  many  forms.   One 
nd  choose  from  the  possible 

More  sophisticated  tech- 
may  be  used  if  the'  quality  of 
lysis  for  size  distributions 

highly  mathematical  methods 
rmine  a  few  parameters  of  the 
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The  Backus-Gilbert  technique  is  perhaps  the  easiest  to  convert  to  recover  the  mean  and 
width  of  the  distribution  curve.   The  measured  backscatter  coefficients  gi ,  where  i  =  l,n, 
may  be  expressed  (excluding  noise)  as: 


/ 


V*T  (r)f  (r)dr 


(5) 


where  f(r)  is  the  required  size  distribution  to  be  recovered  from  the  measurements,  and 
Wi (r)  is  the  backscatter  coefficient  (from  Mie  theory)  as  a  function  of  r.   The  subscript  i 
refers  to  the  set  of  parameters  varied  by  the  experimenter,  say  wavelengths  of  scattering 
angles.   In  the  usual  form  of  the  theory,  the  sum: 


laigi 
i 


/ 


la^f (r)dr 
i 


(6) 


is  formed  and  the  coefficients  are  chosen  so  that  EaiWi (r)  forms  an  approximate  delta 
function  that  yields  f(r).   However,  we  may  choose1  the  coefficients  so  that  faiWi (r)  is 
approximately  r  (or  r2),   and  thus  recover  moments   of  the  distribution.     *   Because 
data  is  usually  insufficient  to  warrant  extraction  of  complete  functions,  it  is  imperative 
that  mathematical  techniques  be  developed  to  determine  optimally  a  few  important  character- 
istics of  the  target. 
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Calibration 

The  use  of  many  wavelengths  imposes  a  major  burden  of  calibration  on  the  experimenter. 
Photometric  and  power  measurement  methods  differ  at  ultraviolet,  visible,  infrared  and 
microwave  frequencies  and  intercomparisons  are  very  difficult.   Perhaps  the  best  method  is 
to  use  a  calibrated  target  and  face  the  problems  of  evaluating  the  target  on  the  basis  of 
laboratory  measurements  or  by  mathematical  calculation  as  in  the  case  of  a  metallic 
spherical  target  in  the  microwave  region. 

Great  care  must  be  taken  to  ensure  that  detectors  are  operating  in  a  linear  dynamic 
region  and  that  optical  alignment  is  maintained.   A  significant  portion  of  the  effort  in 
remote  sensing  is  in  calibration  procedures. 

Conclusions 

The  field  of  optical  remote  sensing  is  extraordinarily  rich  in  potential  applications  in 
atmospheric  science,  operations,  and  services.   In  those  portions  of  the  spectrum  where 
transmission  is  not  severely  limited,  in  the  range  from  ultraviolet  through  infrared,  radi- 
ation interacts  with  molecules  and  particles  and  is  affected  by  inhomogeneities .   Each  of 
these  interactions  is  an  opportunity  to  identify  constituents  and  measure  important  atmos- 
pheric parameters.   In  addition  to  molecular  and  particulate  absorption  and  scatter,  the 
motion  of  the  particles  is  detected  by  Doppler  shifts,  and  the  resulting  spectral  shifts 
and  broadening  may  be  interpreted  as  wind  velocity  and  related  to  local  temperature.   Thus, 
atmospheric  parameters  such  as  wind  velocity,  temperature  and  humidity  can  be  measured  with 
lidar  techniques.   Gases  and  particles  can  be  identified  and  concentrations  measured.   Im- 
portant weather  processes  such  as  cloud  development  can  be  explored  and  parameters  import- 
ant in  climate  prediction  may  be  measured. 

In  spite  of  present  success  and  clear  potential,  apolications  of  lidar  to  atmospheric 
measurements  develop  slowly.   One  reason  for  this  is  a  fundamental  limitation  of  optical 
lidar  in  turbid  media.   Because  of  the  stronq  interactions  with  the  medium  which  account 
for  the  sensitivity  of  the  technique,  the  extinction  coefficients  are  comparatively  large, 
preventing  a  full  "all-weather"  capability.   A  second  limitation  is  caused  by  the  slowness 
of  laser  development.   The  comparison  with  radar  development  is  useful.   Before  large  de- 
fense requirements  financed  the  development  of  radars,  transmitters  and  components, 
advanced  radar  techniques  were  largely  unrealized.   Similarly,  advancing  laser  development 
will  permit  realization  of  much  of  the  present  potential.   Many  applications  are  limited  by 
inability  to  find  laser  transmitters  meeting  all  requirements  of  power,  tunability,  coher- 
ence and  modulation  characteristics.   (Recent  developments  in  metal  lasers,  chemical  lasers, 
excimer  lasers,  and  narrow-line  dye  lasers  give  promise  of  removing  some  of  these  barriers.) 
For  example,  the  development  of  a  laser  with  the  power  of  a  ruby  laser,  but  sufficiently 
coherent  for  Doppler  techniques,  at  visible  or  u.v.  wavelengths,  would  permit  wind  and 
temperature  profile  measurement  in  the  clear  air,  eliminating  the  need  for  tracer  parti- 
cles. 

The  field  of  lidar  atmospheric  sensing  has  gone  through  the  maturing  stages  of  optimism, 
frustration,  disillusion,  realism  and  renewed  expectations.   One  of  the  most  important 
signs  of  this  deepening  understanding  is  the  tendency  to  improve  atmospheric  remote  sensing 
by  appropriate  synthesis  with  other  remote  sensors  such  as  radar,  radiometry  and  solar 
photometry.   No  technique  provides  all  the  data  needed  on  atmospheric  constituents.   The 
insularity  of  the  technique  developer  results  from  focusing  on  his  challenging  opportunity. 
Only  by  appropriate  combinations  of  techniques  can  we  perform  the  atmospheric  measurements 
required. 

In  addition  to  the  requirement  for  measuring  many  parameters  by  multiple  remote  sensors 
is  the  need  for  intercomparison  and  calibration  of  remote  sensors.   In  many  cases,  the 
proof  of  validity  of  remote  sensors  depends  on  intercomparison  of  remote  sensors,  rather 
than  on  in-situ  instruments,  because  of  differences  in  sample  volumes,  averaging  times  and 
parameter  measured. 
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ABSTRACT 

The  possibility  of  identifying  weather  through  the  observation  of  forward  scatter  of  a  laser  beam  has 
been  investigated.  Preliminary  observations  with  a  prototype  instrument  suggest  that  it  is  possible  to 
distinguish  clear  air,  rain,  snow,  hail  and  fog  using  laser  weather  identification.  After  additional  measure- 
ments are  made  in  various  weather  conditions,  it  should  be  practical  to  design  a  simple  automatic  instru- 
ment to  provide  such  information. 


1.  Introduction 

Techniques  for  identifying  weather  have  traditionally 
relied  on  human  judgment.  In  recent  years  devices 
have  been  introduced  to  make  automatic  weather 
observations  but  their  ability  to  identify  weather  is 
quite  limited.  For  example,  most  of  the  automatic 
devices  can  only  measure  the  total  water  content  of  the 
precipitation,  and  are  unable  to  identify  the  type  of 
precipitation  such  as  rain,  snow  or  hail  without  the 
help  of  human  observers.  Recent  efforts  devoted  to  the 
effects  of  wind  (Lawrence  et  al,  1972;  Clifford  et  al, 
1975,  Ochs  et  al,  1976)  and  precipitation  (Hogg,  1964 
Chu  and  Hogg,  1968;  Atlas,  1953  ;  Wilson  and  Penzias 
1966;  Atlas  and  Ubrich,  1974;  Kurnick  et  al,  1960 
Arnulf  and  Bricard,  1957;  Wang  and  Clifford,  1975 
Wang  et  al,  1977,  1978;  Wang  and  Earnshaw,  1977 
Derr  et  al.,  1974)  on  optical  and  infrared  wave  trans- 
missions through  the  atmosphere  suggest  that  optical 
identification  of  weather  may  provide  an  inexpensive 
and  reliable  method  for  monitoring  weather  conditions, 
making  possible  more  complete  remote  weather  sensing 
at  automatic  unmanned  weather  stations. 

When  a  visible  or  infrared  light  beam  passes  through 
an  irregular  medium,  the  irregulatities  in  the  medium 
produce  changes  in  both  the  phase  and  the  intensity 
(or  irradiance)  of  the  wave  front.  This  phenomenon  has 
long  been  known  as  "scintillation."  The  twinkling  of 
stars  is  a  familiar  example.  Different  weather  conditions 
produce  different  signatures  of  the  detected  scintilla- 
tions. Here  we  discuss  the  use  of  weather-induced 
scintillations  to  identify,  for  example,  wind,  rain,  hail 
and  snow.  Either  phase  or  irradiance  scintillations  might 
be  used  but  phase  measurements  at  optical  wavelengths 
are  more  difficult  than  irradiance  measurements.  We 
discuss  only  the  use  of  irradiance  fluctuations.  In  clear 
air,  turbulence  combined  with  temperature  gradients 


causes  scintillations  of  a  projected  optical  beam.  The 
scintillations,  which  result  from  variations  of  refractive 
index  in  the  air,  are  similar  to  the  irregular  moving 
patterns  on  the  bottom  of  a  swimming  pool  in  direct 
sunlight.  The  turbulence  scintillations  are  always 
present  but  often  decrease  during  extended  periods  of 
rain  or  snow.  A  principal  challenge  6f  laser  weather 
identification  is  to  identify  the  weather-induced  signals, 
usually  small  in  amplitude,  in  the  presence  of  the 
larger  turbulence-scintillation  signals. 

A  distinctive  characteristic  of  precipitation  is  that 
the  particles  introduce  finely  structured  interference 
patterns  (Wang  and  Clifford,  1975;  Wang  et  al,  1977, 
1978;  Wang  and  Earnshaw,  1977)  that  are  moving 
downward  through  the  projected  laser  beam.  These 
moving  patterns  suggest  that  weather  can  be  identified 
by  measuring  the  speed  of  pattern  movement,  and  by 
observing  the  increase  in  high-frequency  components 
caused  by  the  fine  interference  patterns  as  they  sweep 
past  a  light  detector.  We  have  observations  to  indicate 
that  the  terminal  velocities  can  be  measured  optically, 
and  can  be  used  to  identify  separately  rain,  snow  and 
hail.  In  fact,  even  the  simpler  measurement  of  the 
frequency  spectrum  of  the  scintillation  signals  may 
permit  separate  identification  of  snow,  rain  and  clear- 
air  turbulence.  Raindrops  are  several  thousand  times 
larger  than  the  wavelength  of  light  so  their  forward- 
scattering  angle  is  only  a  few  milliradians.  By  contrast, 
fog  particles  are  comparable  in  size  to  the  optical 
wavelength,  so  light  is  forward-scattered  to  relatively 
large  angles  of  several  degrees.  The  large  scattering 
angle  and  the  high  number  density  of  particles  combine 
to  average  out  individual  scintillations,  producing 
attenuation  and  off-axis  forward-scattering  signals. 
Measurement  of  attenuation  and  off-beam  forward 
scatter  are  straightforward  optical  methods  for  detect- 
ing fog. 
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Fig.  1.  Schematic  diagram  of  the  prototype  laser  weather  identifier. 


2.  The  prototype  laser  weather  identifier 

We  built  an  optical  system  to  detect  the  scintillations 
in  a  projected  laser  beam  and.  to  measure  the  light 
scattered  from  the  beam  at  two  forward-scattering 
angles.  A  chopper-type  light  modulator  in  the  optical 
transmitter  permits  sensitive  detection  of  light  in  the 
forward-scatter  detectors  when  the  beam  is  strongly 
attenuated  by  fog  or  heavy  precipitation.  Fig.  1  is  a 
schematic  diagram  of  the  optical  system.  An  earlier 
prototype  instrument  has  been  described  in  detail  by 
Earnshaw  and  Keebaugh  (1977).  The  laser  transmitter 
simply  collimates  light  from  the  laser  beam  and 
projects  it  onto  one  of  the  receiving  telescopes.  The 
modulator  chops  the  laser  beam  prior  to  beam  expan- 
sion, and  may  be  switched  on  or  off  at  the  signal  process- 
ing chasis.  Fig.  2  is  a  photograph  of  the  transmitter. 

The  receiver  system  consists  of  three  independently 
mounted  detecting  telescopes.  The  scintillation-measur- 


ing telescope  is  aligned  with  the  transmitted  laser 
beam  and  is  apertured  by  two  narrow  horizontal  slits 
that  are  spaced  2  cm  apart  vertically.  Light  from  the 
slits  is  detected  by  a  dual-diode  photodetector  placed 
slightly  behind  the  focus  of  the  telescope  objective  lens. 
The  signals  from  the  upper  and  lower  photo-detectors, 
designated  A  and  B,  respectively,  are  amplified  and 
transmitted  to  the  signal-processing  circuits.  The  two 
off-axis  forward-scatter  telescopes  detect  light  within 
0.06°  conical  volumes.  The  telescope  axes  are  aimed 
at  the  midpoint  of  the  laser  beam  and  are  set  to  detect 
the  forward-scatter  light  at  angles  of  approximately 
0.5°  and  1°.  The  detected  forward-scatter  light  signals, 
designated  6X  and  02,  are  amplified  and  transmitted  to 
the  signal-processing  circuits.  Fig.  3  is  a  photograph 
of  the  optical  receiver.  The  A  and  B  signals  from  the 


Fig.  2.  The  laser  transmitter. 


Fig.  3.  The  three  optical-detecting  telescopes  of  the  receiver 
system.  .The  one  at  left  is  aimed  to  detect  the  direct  beam  through 
two  horizontal  entrance  slits.  The  two  other  telescopes  are 
off-axis  detectors. 
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Fig.  4.  Temporal  power  spectra  of  rain-,  snow-  and  wind- 
induced  scintillation  detected  by  a  horizontal  line  detector  on  a 
50  m  line-of-sight  path. 

upper  and  lower  slit  apertures  are  processed  in  a 
correlator  to  obtain  the  time-lagged  covariance  and, 
from  it  the  terminal  velocity  distribution  of  falling 
particles  (Wang  el  al.,  1977;  Wang  and  Earnshaw, 
1977).  The  B  signal  is  also  used  to  analyze  the  spectrum 
of  the  scintillations  by  selecting  six  frequency  bands 
(0-200, 200-500,  500-1000, 1000-2000,  2000-4000, 


4000—10000  kHz).  As  an  option,  the  beam  can  be 
modulated  by  a  400  Hz  chopper.  The  B  signal  and  the 
two  off-axis  detected  signals  (0i  and  02)  are  amplified 
by  400  Hz  narrow-band  amplifier  filters  and  converted 
to  dc  signals.  All  outputs  are  slowly  varying  voltages 
suitable  for  low-speed  chart  recording. 

3.  Results  and  interpretations 

The  instrument  was  used  during  the  summer  and 
fall  of  1976  in  Boulder,  Colorado.  Unprocessed  signals 
from  rain,  hail,  snow,  fog  and  turbulence-induced 
scintaillations  were  detected  and  recorded  on  an  audio 
stereo  tape  recorder.  These  data  were  later  replayed 
through  the  processing  electronics.  Because  of  the 
uneventful  weather  of  Colorado,  we  could  not  obtain 
enough  data  for  convincing  statistical  analysis,  but  our 
measurements  do  provide  enough  samples  to  encourage 
us  to  continue  to  pursue  this  approach. 

Turbulence,  combined  with  temperature  gradients, 
causes  scintillation  of  a  projected  optical  beam  passing 
through  clear  air.  If  the  beam  is  observed  by  a  thin 
horizontal  line  detector,  the  typical  spectrum  (labeled 
"wind"  in  Fig.  4)  of  atmospheric  turbulence-induced 
optical  scintillation  signals  observed  over  a  path  length 
of  50  m  shows  large  signals  at  low  frequencies  with 
rapidly  decreasing  amplitudes  at  higher  frequencies. 
This  frequency  spectrum  is  typical  for  most  clear 
weather,  though  increased  wind  speed  shifts  the 
spectrum  to  somewhat  higher  frequencies.  Methods 
for  using  the  optical  scintillations  to  make  quantitative 
path-averaged  crosswind  velocity  measurements  are 
available  at  the  present  time  (Lawrence  el  al.,  1972; 
Clifford  el  al.,  1975;  Ochs  el  al.,  1976). 

Precipitation-induced  scintillation  has  more  high- 
frequency  components  than  that  induced  by  turbulence 
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Fig.  5.  Sample  six-band  analyzer  recording  of  rain-induced  scintillation,  using  a  horizontal  line  detector  and 
a  50  m  path  length.  Signals  in  the  three  highest  frequency  bands  are  produced  by  rain. 
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Fig.  6.  As  in  Fig.  5  except  for  snow-induced  scintillation.  Signals  in  the  three  highest  frequency  bands  art 
produced  by  snow.  Compared  to  rain  (Fig.  5),  snow  signals  are  stronger  in  band  4  than  in  band  5. 


(Wang  and  Clifford,  1975;  Wang,  el  al,  1978).  Typical 
temporal  power  spectra  of  rain-  and  snow-induced 
irradiance  scintillation  observed  with  a  horizontal  line 
detector  appear  in  Fig.  4.  Rain-induced  scintillations 
have  substantial  frequency  components  above  2  kHz ; 
for  snow  the  scintillations  are  usually  below  2  kHz 
and  for  turbulence,  below  1  kHz.  Figs.  5  and  6  show 
sample  results  from  the  six-band  analyzer  in  the 
presence  of  rain  and  snow,  respectively.  The  gains  of 
the  six  bands  are  arbitrarily  set,  but  they  remain  fixed 
■for  comparison  between  the  two  figures.  The  low- 
frequency  signal  of  band  1  indicates  the  strength  of 
turbulence-induced  scintillations  and  very  little  effect 
of  precipitation  appears  in  this  band.  Bands  2  and  3 
respond  to  both  turbulence  (wind)  and  precipitation. 
The  three  upper  frequency  bands  respond  for  this 
storm  to  precipitation  only,  and  we  found  that  the 
signal  in  band  6  is  sensitive  to  precipitation.  For 
example,  at  Point  B  in  Fig.  5,  the  rain  rate  was  about 
0.1  mm  h_1;  at  point  A,  it  was  about  7.5  mm  h-'. 
It  appears  that,  to  distinguish  rain  from  snow,  the 
ratio  of  band  4  to  band  5  can  be  used  whenever  band  6 
indicates  that  some  kind  of  precipitation  is  present, 
though  additional  observations  are  needed  to  see  if 
such  discrimination  is  invariably  successful.  Although 
the  spectrum  seems  to  be  able  to  discriminate  precipita- 
tion from  clear  air,  strong  wind  might  occasionally 
produce  enough  high-frequency  components  to  be 
comparable  to  snow-induced  scintillation.  The  reliabil- 
ity of  identifying  precipitation  by  spectrum  analysis 
must  still  be  assessed  by  collecting  more  weather 
data  in  various  locations  and  seasons. 

A  more  reliable  method  for  identifying  precipitation 


involves  the  fact  that  particles  are  falling  with  notice- 
able vertical  speed.  We  have  demonstrated  a  technique 
(Wang  et  al.,  1977 ;  Wang  and  Earnshaw,  1977)  for 
measuring  the  path-averaged  terminal  velocity  distribu- 
tion of  raindrops  with  two  horizontally  oriented, 
vertically  spaced  line  detectors.  The  technique  measures 
accurately  the  path-averaged  rain  rate  and  the  drop- 
size  distribution.  The  same  technique  can  be  used  to 
measure  the  fall  velocity  of  snow  or  hail.  Typical 
path-averaged  velocity  distributions  of  snow,  rain  and 
hail  appear  in  Fig.  7,  though  the  values  may  vary  in 
storms  having  different  hail  or  drop  sizes.  The  terminal 
velocity  of  raindrops  usually  ranges  from  3  to  8  m  s_1. 
For  snow,  it  is  usually  less  than  2  m  s_1  and  for  hail, 
greater  than  8  m  s_1.  Thus,  with  only  occasional 
ambiguity,  the  measured  terminal  velocities  can  be 
used  to  identify  separately  rain,  snow  and  hail.  For 


SNOW 


RAIN 


HAIL 


Fig.  7.  The  optically  measured,  path-averaged  (pathlength, 
200  m)  terminal  velocities  of  snow,  rain  and  hail.  Each  curve 
represents  only  one  40  s  average  of  a  specific  storm. 
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Fig.  8.  The  time-lagged  covariance  functions  of  the  signals 
detected  by  two  vertically  separated  line  detectors  with  a  separa- 
tion of  4  cm  on  a  200  m  path  at  Table  Mountain  during  a  mixture 
of  rain  and  hail  on  23  June  1976. 

example,  a  bimodal  velocity  distribution  was  detected 
on  23  June  1976  during  a  mixture  of  rain  and  hail. 
The  time-lagged  covariance  functions,  each  averaged 
over  5  min  and  taken  with  a  slit  spacing  of  4  cm,  are 
shown  in  Fig.  8.  The  peak  at  4  ms  contributed  by  hail- 
induced  scintillations  corresponds  to  a  terminal  velocity 
of  10  m  s_1.  The  9  ms  peak  is  caused  by  raindrops 
with  terminal  velocity  of  4.5  m  s_1.  Near  the  end  of 
the  storm  the  hail  disappeared  while  small  raindrops 
were  still  falling. 

In  fog  the  relatively  large  scattering  angles  and  the 
high  number  density  of  particles  combine  to  average 
out  individual  scintillations,  producing  only  extinction 
of  light  in  a  directly  received  beam.  Measurement  of 
this  extinction  is  a  straightforward  optical  method  for 
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Fig.  9.  Transmittance  and  off-axis  forward-scattering  measure- 
ments during  a  light  fog.  (The  small  dips  shown  in  the  upper 
diagram  were  caused  by  manual  beam  blocking.) 
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Fig.  10.  Transmittance  and  off-axis  forward-scattering  measure- 
ments during  a  heavy  fog.  (The  slow  change  in  the  transmittance 
was  caused  by  the  beam  wandering  as  a  result  of  a  change  in 
vertical  temperature  gradient  of  the  atmosphere.) 


detecting  fog,  through  it  should  also  be  practical  to  use 
off-beam  forward  scattering.  Significant  light  scattering 
by  a  particle  of  diameter  d  larger  than  the  wavelength 
X  of  the  light  occurs  at  all  scattering  angles  less  than 
about  k/d  rad.  For  raindrops  with  d~2  mm,  the 
scattering  angles  for  optical  wavelengths  extend  to 
about  3  X  10-4  rad,  while  fog  particles  with  </~6  pm 
produce  scattering  angles  as  great  as  about  0.1  rad. 
Thus  an  off-beam  detector  arranged  to  detect  the 
forward  scattering  at  about  1°  (actually  0.64°  was  used) 
will  be  sensitive  to  particles  <20  Mm  (e.g.,  fog,  haze, 
dust  and  smoke)  and  insensitive  to  larger  particles 
(e.g.,  rain,  snow  and  hail).  To  discriminate  against 
the  background  light,  the  laser  was  modulated  by  a 
400  Hz  chopper  and  a  narrow-band  400  Hz  filter  was 
used  to  process  the  received  signals.  Fig.  9  shows  mea- 
surements of  direct  transmission  and  scattered  light 
during  a  very  light  fog.  The  upper  trace  is  the  transmit- 
tance and  the  lower  trace  the  off-axis  scattering. 
Because  the  fog  was  extremely  light,  no  loss  of  transmit- 
tance was  detected  on  the  50  m  path  (the  small  dips 
shown  in  the  upper  diagram  were  caused  by  manual 
beam  blocking)  but  the  off-axis  signal  clearly  showed 
the  presence  of  fog.  The  effect  of  a  heavier  fog  is  shown 
in  Fig.  10.  Here  the  agreement  between  the  attenuation 
and  the  off-axis  signal  is  good.  The  slow  drift  of  the 
transmittance  trace  was  caused  by  the  "beam  wandering 
as  a  result  of  a  change  in  vertical  temperature  gradient 
of  the  atmosphere.  The  off-axis  signal  is  less  affected 
by  beam  wandering  and  is  more  sensitive  to  light  fog, 
so  we  believe  this  is  the  more  reliable  method  for 
identifying  the  presence  of  fog. 

4.  Summary 

It  appears  that  signals  from  a  laser  forward-scattering 
system  can  indeed  identify  different  types  of  weather. 
Preliminary  results  show  that  clear  air  (wind),  snow, 
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rain  and  hail  can  be  identified  by  the  unmodulated 
forward-scattered  signal.  With  the  help  of  a  modulator 
and  an  off-axis  receiver,  fog  and  haze  can  be  detected. 
Because  of  the  large  capture  volume  of  this  system,  the 
time  resolution  of  the  observations  is  very  short, 
typically  20  s. 

Any  remaining  ambiguity  in  the  identification  of 
weather  could  be  removed  by  adding  to  the  system 
additional  information  channels.  The  detected  signals 
at  the  rainbow  angle  (~138°)  can  be'used  to  positively 
identify  raindrops.  This  would  discriminate  rain  from 
fast-falling  snow  pellets.  Depolarization  measurements 
can  surely  be  helpful  in  separating  spherical  from 
irregular  particles  (in  the  single-scattering  regime)  and 
may  occasionally  be  necessary  to  separate  rain  from 
snow  or  hail.  We  have  made  no  attempt  to  build  an 
instrument  that  will  serve  as  an  automatic  weather 
identifier  because  optimum  design  of  such  a  system 
requires  extensive  data  collection  in  various  types  of 
weather.  We  expect  that  a  reliable  identifier  can  be 
developed  using  the  results  of  measurements  like  Jhose 
we  have  described. 
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WE  HAVE  DEVELOPED  AN  OPTICAL  WIND  SENSOR  that 
uses  the  naturally  occurring  density  fluctuations  in 
the  atmosphere  to  obtain  a  spatially-averaged  wind. 
The  optical  refractivity  variations,  produced  largely 
by  temperature  fluctuations,  drift  through  the 
optical  path  and  modulate  the  received  signal  irrad- 
iance.  Using  a  correlation  technique  at  the  receiver, 
we  extract  a  path-averaged  transverse  wind  speed. 
This  optical  sensor  has  two  important  advantages  over 
conventional  anemometers.   First,  it  measures  trans- 
verse mean  flow  over  long  paths  up  to  several  tens  of 
kilometers.  Second,  it  is  not  limited  by  bearing 
friction  or  other  mechanical  constraints  and  con- 
sequently has  an  extremely  low  velocity  threshold. 
These  properties  enable  it  to  contribute  higher  quality 
and  more  appropriate  wind  information  in  certain   ' 
applications.   For  example,  by  enclosing  an  area  with 
horizontal  laser-beam  paths  we  can  measure  the  outward 
flux  or  convergence  of  air,  a  useful  quantity  in  the 
monitoring  for  pollution  events  in  cities.   In  a 
similar  context,  the  mean  flqw  of  air  down  a  valley  is 
a  critical  parameter  to  know  before  initiating  such 
pollution-causing  events  as  agricultural  burning.   We 
illustrate  the  measurement  of  convergence  with  results 
from  an  experiment,  using  an  optical  triangle  with 
each  leg  300  m  long.   This  relatively  small  enclosed 
area  is  adequate  for  measurements  of  the  strength  of 
local  convective  activity.   We  found  excellent  agree- 
ment between  our  optical  triangle  measurements  of 
convergence  and  simultaneous  indications  of  thermal 
plume  activity  from  tower-mounted  anemometers  and  from 
acoustic  echo-sounder  data. 

Our  first  report  of  the  use  of  scintillations  to 
measure  the  average  wind  across  a  light  beam  was  pre- 
pared by  Lawrence,  Ochs,  and  Clifford  -  (1).*  Figure  1 
shows  how  well  the  winds  measured  by  that  system 


r">j%< 


EAST  1C- 
V0(m/sec)  0 

i 

WESTIO' — '- 

east  io r- 

5 

VJmA.ec)  0  vV 

s! 


^~1 


nj/yzr**- 


WEST  IC' 


12  16 

6/15/72 


01  12 

6/16/72 


Fig.  1.  -  A  comparison  of  the  average  wind  speed  (V  ) 
measured  optically  with  the  average  of  the  readings  of 
six  propel  lor  anemometers  (V/y)  uniformly  spaced  along 
the  optical  path.   Both  the  anemometers  and  the  optical 
system  measure  the  component  of  wind  that  is  horizontal 
and  at  right  angles  to  the  path.  The  path  is  300  m 
long,  oriented  north-south,  and  3  m  above  the  ground. 


compared  with  anemometer  measurements.   Kjelaas  and 
Ochs  (2)  demonstrated  the  use  of  three  light  beams 
arranged  in  a  triangular  pattern  to  measure  horizontal 
convergence.   Figure  2  compares  daytime  measurements 
showing  convective  thermal  plumes  with  nighttime 
measurements . 
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Fig.  2.  -  Ten-second  average  divergence  readings  for 
typical  afternoon  and  nighttime  periods,  made  with  an 
optical  triangle  300  m  on  a  side. 


While  these  early  systems  worked  well  on  paths  shorter 
than  1  km,  they  were  influenced  on  longer  paths  by  a 
phenomenon  known  as  saturation  of  the  scintillations. 
The  effect  of  saturation  and  the  development  of  a 
saturation-resistant  optical  crosswind  sensor  were 
reported  by  Ochs,  Clifford,  and  Wang  -  (3).   The 
saturation-resistant  system  has  since  been  used  success- 
fully on  long  paths  and  around  a  10-km  triangle. 
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Abstract 

Accurate  determinations  of  the  widely  varying  spectral  extinction  of  the  direct  solar 
beam  by  the  earth's  atmosphere  has  applications  in  several  fields;  these  include  solar 
energy,  optical  communication  and  remote  sensing  of  atmospheric  parameters.   A  system  used 
to  make  extinction  measurements  at  nine  wavelengths  in  the  0.3  to  10  ytti   range  is  described 
and  sample  results  are  presented.   Plans  to  use  the  data  to  study  remotely  the  character- 
istics of  clouds  and  aerosols,  particularly  the  size  distributions  of  the  particles  along 
the  transmission  path,  are  discussed. 

Introduction 

The  atmosphere  acts  as  a  continually  varying  filter  to  solar  radiation  penetrating  it. 
Some  of  the  more  important  processes  include  molecular  scattering,  absorption  by  the 
various  atmospheric  gases,  and  scattering  by  hydrometeors  (e.g.,  cloud  droplets,  rain 
drops  and  ice  crystals)  and  by  lithometeors  (suspended  solid  particles).   Of  these,  the 
only  one  which  remains  nearly  constant  for  a  given  site  and  which  can  be  computed  reliably 
is  molecular  (Rayleigh)  scattering.   Absorption  due  to  water  vapor  varies  widely  because 
of  large  variations  in  the  amount  of  this  gaseous  component  in  the  atmosphere,  and  absorp- 
tion due  to  stratospheric  ozone  also  fluctuates  significantly. 

The  concentration  and  size  distribution  of  lithometeors  and  hydrometeors  may  take  on  a 
wide  range  of  values  and  may  sometimes  be  highly  variable  in  time  and  space.   An  obvious 
example  of  the  latter  is  cumulus  clouds  which  may  form,  then  dissipate  in  a  matter  of 
minutes. 

The  spectral  transmission  characteristics  of  the  atmosphere  are  of  obvious  interest  to 
designers  of  solar  energy  systems  and  optical  communications  systems.   Other  important 
applications  of  spectral  transmission  data  include  climate  studies  and  determination  of 
the  radiation  budget  of  the  earth.   Also,  measured  spectral  transmission  can  be  used  to 
deduce  the  amount  and  characteristics  of  absorbing  and  scattering  components  in  the  atmos- 
phere.  This  paper  involves  measurements  of  the  extinction  at  nine  wavelengths  in  the 
range  0.3  to  10  urn.   The  instrumentation  used,  the  analysis  procedures  employed  and  sample 
results  are  presented. 

Instrumentation 

During  the  past  decade,  the  concept  of  using  several  experimental  techniques  simultan- 
eously to  make  atmospheric  measurements  has  been  gradually  implemented  in  the  Wave  Propaga- 
tion Laboratory  (WPL)  of  NOAA.   The  data  thus  obtained  usually  leads  to  a  more  complete 
description  of  atmospheric  conditions  than  can  be  obtained  by  a  single  technique  and 
allows  the  different  techniques  to  be  cross-checked  and  calibrated.   Among  the  methods 
used  are  backscatter  lidar,  microwave  radar,  acoustic  sounder,  time-lapse  photography, 
photometry,  radiometry  and  in  situ  sampling  by  aircraft-borne  probes. 

This  paper  describes  atmospheric  transmission  results  obtained  from  narrow  beamwidth 
photometers  at  wavelengths  ranging  from  0.3  to  10  urn  using  the  sun  as  a  source.   Other 
data  types  will  be  mentioned  only  in  a  peripheral  way  to  indicate  their  usefulness  in 
analysis  of  the  photometric  data. 


The  research  work  leading  to  this  paper  was  partially  funded  by  the  United  States 
Department  of  Energy  Division  of  Solar  Technology,  Environmental  and  Resource  Assess- 
ment Branch. 
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Narrow  Bandwidth   Solar   Photometer    (8-channel) 
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A  photometer  with  eight  bandpass  filters,  each  about  0.01  |jm  (100  A)  wide,  was  designed 
and  built  in  WPL.  The  instrument  characteristics  are  outlined  in  Table  I.   The  primary 
emphasis  in  instrument  design  were  large  dynamic  range,  time  response  of  a  few  seconds  and 
good  relative  accuracy  in  measuring  the  optical  thickness  changes  (actually,  radiant  flux 
changes)  at  the  different  wavelengths.   These  characteristics  were  obtained  by  using  a 
common  lens,  photodetector,  and  logarithmic  amplifier,  and  rotating  a  filter  wheel  at  1 
rps  so  as  to  update  the  data  for  each  filter  once  per  second.   The  instrument  is  operated 
on  a  solar  tracker  which  keeps  it  pointed  at  the  sun.   The  data  are  averaged  by  an  integra- 
tor with  time  constant  of  about  3  sec  and  a  data  point  recorded  once  per  second.   The  data 
are  normally  digitized,  stored  temporarily  in  computer  memory  then  written  onto  magnetic 
tape  for  permanent  data  storage. 

Table  I 

Band  Pass  Filter  Center  Wavelengths:     0.305,  0.317,  0.338,  0.382,  0.511,  0.875, 

0.941  and  1.06  |jm. 

Response  to  Radiant  Flux:  Logarithmic 

Dynamic  Range:  5  orders  of  magnitude 

(^  12  optical  thicknesses) 

Resolution:  2% 

Relative  accuracy:  2% 

Time  constant  of  response:  3  sees. 

Angular  Field  of  View:  1.5  degrees. 


Infrared  (8-13  |jm)  Solar  Photometer 

A  photometer  for  use  at  this  wavelength  range  was  obtained  by  modifying  a  commercially 
available  radiometer  for  the  purpose.   An  aperture  about  0.25  cm  in  diameter  was  posi- 
tioned in  front  of  the  lens  (^    1  cm  diameter)  to  reduce  the  radiation  incident  on  the 
detector  to  a  safe  level.   The  detector  head  was  then  mounted  on  the  solar  tracker  with 
other  photometric  instruments.   The  instrument  response  is  linear  and  the  dynamic  range  is 
limited  to  about  two  orders  of  magnitude.   Data  are  recorded  at  a  one  Hertz  rate  in  the 
same  way  as  is  described  above  for  the  eight  channel  photometer. 

Extent  of  the  Data  Collected 

The  extinction  measurements  have  been  recorded  during  a  number  of  intensive  data  col- 
lecting programs  when  several  other  types  of  data  were  simultaneously  taken.   At  other 
times,  the  extinction  data,  time  lapse  photography  and  standard  solar  pyranometer  and 
pyrheliometer  data,  were  the  only  data  types  recorded.   During  the  intensive  observing 
periods,  data  were  generally  taken  from  sunrise  to  sunset.   Most  of  these  data  have  been 
surveyed  to  check  quality  but  not  analyzed  in  detail.   Intensive  observations  have  been 
conducted  at  Colstrip,  Montana  (26  days),  Pt.  Mugu,  California  (13  days),  Fairplay,  Colo- 
rado (28  days),  and  Grover,  Colorado  (29  days).   Observations  at  Boulder,  Colorado  (40 
days)  have  mostly  included  only  the  photometric  and  photographic  data  types.   Examples  of 
data  taken  at  Pt.  Mugu  are  presented  below. 

Data  Processing  and  Analysis 

The  data  for  each  of  the  wavelengths  of  the  8-channel  photometer  and  the  8-12  ym 
infrared  photometer  are  converted  to  atmospheric  optical  thickness  by  processing  on  a 
computer.   This  step  has  the  prerequisite  of  knowing  the  radiant  intensities,  I  . ,  which 
would  be  measured  by  the  instrument  if  there  were  no  atmospheric  absorption.   Tfte  latter 
values  are  determined  primarily  by  the  Langley  method  in  which  values  of  the  logarithm  of 
intensity  are  plotted  against  relative  air  mass.   For  stable  atmospheric  conditions  and  a 
range  of  air  mass  values  the  points  on  such  a  graph  should  lie  along  a  straight  line  which 
can  be  extrapolated  to  zero  air  mass,  which  represents  the  desired  intensity,  I  .  .   There 
is  an  advantage  to  using  summertime  data,  when  the  noon  air  mass  approaches  l.o8.   Also 
time  periods  when  stable  atmospheric  conditions  exist,  are  chosen  to  improve  the  reliabil- 
ity of  the  results.   Saturation  of  strong  gaseous  absorption  lines  within  some  of  the 
filter  bandwidths  lead  to  non-linear  response  with  air  mass.   This  means  the  extrapolation 
to  zero  air  mass  must  be  done  by  a  curved  line  on  the  Langley  plots. 

217 

110  I  SPIE  Vol.  161  Optics  Applied  to  Solar  Energy  IV  (1978) 


EXPERIMENTAL  ATMOSPHERIC  EXTINCTION  MEASUREMENTS  AT  NINE  WAVELENGTHS  BETWEEN  0.3  AND  10  f.m 

The  approach  taken  in  the  development  of  software  to  analyze  the  data  is  to  work  direct- 
ly from  copies  of  the  field-recorded  tapes.   The  computer  programs  are  mostly  implemented 
as  operator-interactive  with  choices  for  such  parameters  as  averaging  intervals,  correc- 
tions to  remove  Rayleigh  scattering  and  scale  factors  on  output  plots.   Much  of  the  analy- 
sis is  performed  by  viewing  output  plots  on  a  CRT  display  and  making  hard  copy  prints  of 
the  display  when  a  permanent  record  is  desired.   Time  lapse  photographs  by  a  camera  mounted 
on  the  solar  tracker  (sun's  disc  occulted)  and  another  camera  which  views  the  entire  sky 
are  taken  routinely  at  intervals  of  15  seconds.   These  films,  played  back  in  a  movie  mode, 
have  been  found  to  be  extremely  valuable  when  doing  data  analysis.   Cloud  geometry  and 
motion  and  general  sky  and  weather  conditions  are  used  to  select  periods  of  special  inter- 
est or  to  categorize  the  type  of  condition  present  at  any  given  time. 

Time  Series  Plots 

The  time  variation  of  the  optical  thickness  at  each  wavelength  measured  by  the  photo- 
metric instruments  can  be  plotted  on  almost  any  desired  time  and  optical  thickness  scales. 
The  differential  in  optical  thickness  between  pairs  of  wavelengths  can  also  be  automati- 
cally plotted.   The  latter  method  is  routinely  applied  to  obtain  values  of  the  total 
precipi table  water  vapor  along  the  propagation  path  by  taking  the  difference  between  the 
optical  thickness  measured  in  a  wavelength  band  centered  at  0.941  urn,  where  water  vapor 
absorption  bands  occur,  and  at  0.875  pro  which  is  essentially  free  of  gaseous  absorption 
bands . 

The  slant-path  values  of  measured  optical  thickness  can  be  adjusted.,  to  the  equivalent 
vertical  optical  thickness  by  dividing  by  the  relative  optical  air  mass*   .   This  correc- 
tion assumes  horizontal  uniformity,  which  appears  to  be  reasonably  well  satisfied  for  the 
atmospheric  gases  (including  water  vapor),  but  often  is  not  satisfied  for  clouds  and 
particulate  aerosols. 

Optical  Thickness  vs  Wavelength  Plots 

The  optical  thickness  measured  for  each  of  the  eight  narrow  bandwidth  channels  and  the 
8-12  |jm  band  can  be  plotted  versus  wavelength  (latter  on  logarithmic  scale).   Averaging 
may  be  applied  to  data  intervals  ranging  from  one  second  to  5  minutes.   The  optical  thick- 
ness scale  can  be  chosen  to  have  any  desired  upper  and  lower  limits  and  be  either  linear 
or  logarithmic.   Rayleigh  scattering  or  clear  day  optical  thickness  values  may  be  sub- 
tracted from  each  measured  value.   These  types  of  plots  provide  a  versatile  means  of 
analyzing  the  wavelength  dependence  of  optical  thickness  under  various  conditions. 

Results 

The  analysis  to  date  has  consisted  mainly  of  routine  plotting  of  output  in  a  survey 
mode  to  check  quality  and  consistency  of  the  data.   In  a  few  cases,  more  detailed  analysis 
of  selected  time  periods  of  special  interest  has  been  done.   Time  series  plots  of  the 
optical  thickness  measured  at  the  wavelengths  0.317,  0.501  and  0.875  pm  are  routinely 
obtained  for  each  observing  day.   These  serve  to  point  up  any  problems  with  the  quality  of 
the  data  and  give  a  good  indication  of  the  atmospheric  transmission  conditions.   Optical 
thickness  vs  wavelength  plots  are  also  obtained  at  approximately  half-hourly  intervals 
using  five  minute  segments  of  data. 
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Examples 

Figures  1  and  2  show  plots  of-  optical  thickness  versus  wavelength  for  transmission 
through  thin  cirrus  clouds.   Five  minute  segments  of  data  centered  on  the  times  indicated 
for  each  data  set  were  averaged.  The  clear-day  extinctions  obtained  from  data  on  other 
days  are  subtracted  from  the  optical  thickness  values.   It  is  seen  that  optical  thickness 
increases  with  longer  wavelengths;  this  is  consistent  with  the  evidence  that  cirrus  clouds 
consist. primarily  of  ice  crystals  with  typical  dimensions  the  order  of  tens  of  micro- 
meters. *  '  The  general  theory  of  scattering*  '  shows  that  the  energy  scattering  coeffi- 
cient for  radiation  interacting  with  particles  will  peak  roughly  when  the  wavelength  of 
the  radiation,  X,  is  nearly  equal  to  the  size  parameter,  a  =  2nr/X,  of  a  scattering  par- 
ticle with  radius  r. 
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Fig.  1.   Optical  thickness  vs  wavelength 
observed  for  cirrus  clouds. 


Fig.  2  Same  as  Fig.  1  for  later  times, 


Figure  3  shows  plots  of  optical  thickness  versus  wavelength  for  low  altitude  clouds 
which  dissipated  with  time.   The  peak  in  optical  thickness  between  0.5  and  1.0  urn  indi- 
cates the  presence  of  particles  having  radii  of  a  few  tenths  of  micrometers.   The  optical 
thickness  and  the  height  of  the  peak  are  seen  to  decrease  with  time  in  Figure  3  and  the 
sequence  is  continued  in  Figure  4.   The  steep  increase  in  the  optical  thickness  at  shorter 
wavelengths  after  16:00  PDT  is  due  to  the,  increasing  path  length  through  heavy  aerosol 
pollution  as  the  sun  approaches  the  horizon.   The  wavelength  dependence  observed  implies 
a  distribution  of  particles  with  radii  mostly  below  0.1  um. 
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Fig.  3.   Optical  thickness  vs  wavelength 
observed  for  low  altitude  clouds  which  were 
dissipating  and  heavy  aerosol  pollution. 
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Fig.  4.   Same  as  Fig.  3  after  low  altitude 
clouds  had  largely  dissipated. 
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Returning  to  figure  3,  it  seems  likely  that  the  particles  causing  the  peak  at  wave- 
lengths between  0.5  and  1.0  t-im  were  aerosol  particles  with  water  coatings.  As  the  air 
dried  out  these  particles  lost  their  water  coatings  and  the  peak  gradually  disappeared. 

Conclusion 

It  is  planned  that  the  optical  thickness  data  will  be  analyzed  in  conjunction  with 
other  types  of  data  collected  simultaneously.   One  of  the  objectives  will  be  to  assemble 
data  sets  which  can  be  used  to  develop  and  test  computer  models  of  the  transmission  of 
solar  radiation  through  the  atmosphere.   One  approach  will  be  to  derive  parameters  which 
characterize  the  spectral  transmission  properties  of  differing  types  of  clouds  and  aerosols 

The  data  will  also  be  used  as  a  means  of  remotely  measuring  the  microphysical  properties 
of  clouds  and  aerosols.   In  order  to  optimize  the  amount  of  information  which  can  be 
derived,  it  is  necessary  to  perform  a  mathematical  inversion  which  relates  the  observed 
wavelength  dependence  of  optical  thickness  to  the  microphysical  properties  of  the  scatter- 
ing particles.   Work  is  in  progress  to  implement  a  routine  process  of  performing  such 
inversions. 
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Finite  aperture  optical  scintillometer  for 
profiling  wind  and  C2n 


G.  R.  Ochs  and  Ting-i  Wang 


A  new  optical  technique  is  described  for  measuring  the  path  profiles  of  crosswind  and  of  a  refractive-index 
structure  parameter  C2n  along  a  line-of-sight  path.  Different  sizes  of  transmitters  and  receivers  are  used  to 
control  the  path-weighting  function  so  that  it  will  peak  at  different  path  locations.  Various  linear  combina- 
tions of  these  measurements  yield  the  path  profile  of  crosswind  and  C„.  A  prototype  instrument  has  been 
built  and  tested.    Experimental  results  show  good  agreement  with  the  theoretical  predictions. 


I.     Introduction 

In  recent  years,  many  authors1-16  have  considered 
the  possibility  of  remotely  probing  the  crosswind  and 
refractive-index  structure  parameter  C2  using  line- 
of-sight  optical,  microwave,  and  acoustic  techniques. 
One  laser  beam  system  that  has  operated  successfully 
uses  the  naturally  occurring  scintillations  produced  by 
atmospheric  refractivity  variations  to  derive  the  path- 
averaged  transverse  wind.1  By  measuring  a  time-lagged 
covariance  function  with  spaced  detectors,  the  path- 
averaged  wind  speed  can  be  found  directly  from  the 
slope  of  this  function  at  zero  time  lag.  A  change  in  the 
separation  between  detectors  emphasizes  different  re- 
gions of  the  path,  as  shown  in  Fig.  1.  Although  this 
system  performs  well  when  measuring  path-averaged 
wind  (in  the  weak  scattering  regime),  it  is  not  suitable 
for  path  profiling  because  of  its  broad  weighting  func- 
tion. 

Recent  theoretical  and  experimental  work  has  shown 
that  it  is  possible  to  measure  the  transverse  wind  across 
an  optical  path,  and  the  refractive-index  structure  pa- 
rameter (C2)  along  the  path,  by  observing  the  scintil- 
lation of  an  extended  incoherent  light  source.1213  In 
fact,  for  both  measurements  there  are  distinct  advan- 
tages over  the  use  of  coherent  light  sources  because  the 
deleterious  effects  of  the  saturation  of  scintillation  for 
paths  of  high  integrated  refractive  turbulence  as  well 
as  the  inner  scale  of  refractive  turbulence  on  short  paths 
are  largely  eliminated.    It  has  also  been  shown  that  by 
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using  the  proper  ratios  of  transmitter  and  receiver  ap- 
erture diameters,  it  is  possible  to  position  the  maximum 
of  the  weighting  function  in  different  portions  of  the 
path. 

Spatial-filter  techniques  are  also  effective  in  re- 
stricting the  measurement  to  a  portion  of  the  optical 
path.2-14-16  These  techniques  require  more  apertures, 
however,  and  the  array  of  apertures  must  be  large  to 
avoid  saturation  effects  on  horizontal  paths  of  several 
kilometers.  While,  in  principle,  a  rather  sharp  path 
definition  may  be  obtained  by  cross-path  techniques, 
in  practice,  on  paths  of  0.5  km  or  more,  the  intermittent 
nature  of  C2  seems  to  require  long  averaging  times, 
making  the  sharp  path  definition  less  useful.  These 
considerations  led  us  to  develop  a  profiler  with  less 
sharp  path  definition  and  based  upon  the  use  of  dif- 
ferent-sized, extended,  incoherent  transmitting  sources 
with  different-sized  tangent  receiver  apertures  for  each 
path  location  to  be  measured. 

II.     Theory 

Recently,  Clifford  et  al. 17  developed  an  equation  for 
the  log-amplitude  covariance  function  in  strong  Kol- 
mogorov  turbulence,18  i.e., 


'  sin'y 


(1) 


Cx(p)  =  2.94    f   dueUu)[u(l  -u)]5'6    f°  dyy~11 
Jo  Jo 

exp|-4[u(l  -  u)]*>*F(y)\J0  |[^T^] ^ 

where  a\  (u)  =  0A24k^Ln'6C2n  (u),  u  =  z/L  is  the 
normalized  path  position,  p  is  the  separation  between 
two  detectors  in  Fresnel  zones  (\L)1/2,  Jo  is  the  zero- 
order  Bessel  function  of  the  first  kind,  and  F(y)  is  given 

by 


F(y)  =  7.02y5/«    f"  d«"8/3[l  "  MO], 

Jo.ly 


(2) 
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Fig.  1 .    The  relative  weights  of  the  different  portions  of  the  path  in 

determining  the  optically  measured  wind.    The  parameter  /3  = 

p(XL)_1/2  is  the  normalized  separation  of  the  sensors.   These  curves 

are  calculated  for  a  point  source  and  for  point  sensors. 


where  y  is  the  normalized  spatial  wavenumber. 
Equation  (1)  can  be  written  in  a  more  convenient 
form 


CX(P)=    C  duCKu)W(u), 


(3) 


where 


(4) 
(5) 


W(u)  =  0.365/e7/6Lu/6[u(l  -  u))6/6    f "  dyg(u,y) 

g(u,y)  =  y-"/« siity  exp|-4  [u(l  -  u)]6'*F(y)\. 

In  Eq.  (4),  W(u)  is  the  path-weighting  function  to 
measure  C2  using  a  point  source  and  a  point 
receiver.  To  incorporate  the  effects  of  wind  into  Eq. 
(1),  we  use  Taylor's  hypothesis  and  replace  p  by  \p  —  vt 
(\L)_1/2u " 1 1 .  Information  about  the  wind  is  then  de- 
rived from  the  slope  at  zero  time  lag,  i.e.,  m  ■ 
dCx(p,r)/dT  at  t  =  0.  After  differentiating,  we  ob- 
tain 

m  =  2.95    C  dua\  M[u(l  -  u^'Hp  •  v„) 


X 


'  dyg(u,y)^y)^Jl\(^^m , 


(6) 


where  Ji  is  the  first-order  Bessel  function  of  the  first 
kind,  v„  =  v/(XL)1/2,  and  p  =  pip.  (Note  that  only 
winds  parallel  to  p  will  contribute  to  the  measured  wind 
speed.)  When  we  use  the  one-bit  correlator  technique1 
to  obtain  Cx(p,r),  this  function  is  automatically  nor- 
malized to  the  signal  variance  Cx(0,0),  and  we  actually 
obtain  a  normalized  slope  m^  of  the  form 


(X£)%«-  J^1duu(u)H'1(u)/rj'1dii»V(u)l  .  (7) 


WMu)  =  0.365fe7/6Lll/6[u(l  -  a)]1'3    f  "  dyg(u,y)(4Try)1'2 

[Note  that  in  using  the  particular  form  of  Eq.  (7),  we 
have  assumed  a  uniform  distribution  along  the  optical 
path,  i.e.,  that  C2  is  a  statistically  uniform  function  of 
u.]  Under  this  assumption,  Wi(u)  is  proportional  to 
the  path-weighting  function  for  the  transverse  wind 
speed  under  all  refractive-turbulence  conditions. 

To  generalize  Eqs.  (4)  and  (8)  to  the  case  of  finite 
circular,  incoherent  transmitting  and  receiving  aper- 
tures, the  essential  modification  of  the  theory  is  to  re- 
place g(u,y)  by7 


g'(u,y)  =  g(u,y)  i 


2Ji 


H(r?ir*]) 


(Ttyu  \i« 
\\*y{\-u)-\m 

iL    ^    J  ' 


Vy(l-u)1i/2 


(9) 


where  ar  and  at  are,  respectively,  the  diameters  of  the 
receiver  and  transmitter,  each  normalized  to  a  Fresnel 
zone  for  the  optical  path.  It  has  been  shown13  that  for 
a  sufficiently  large  size  of  transmitting  aperture  or  re- 
ceiving aperture,  there  will  be  no  saturation  effect  even 
in  strong  integrated  turbulence.  Sufficiently  large 
means  that 


ar  +  at>  1.95(4)3/5. 


(10) 


where 


In  this  case,  the  weighting  function  and  the  calibration 
remain  unchanged  for  both  weak  and  strong  refractive 
turbulence.  For  all  the  following  calculations,  we  as- 
sume that  Eq.  (10)  is  satisfied,  hence  the  exponential 
term  in  g{u,y)  is  ignored. 

III.     Implementation 

We  have  designed  and  constructed  a  profiling  in- 
strument based  upon  these  principles,  which  simulta- 
neously measures  the  crosswind  and  C2  at  six  locations 
along  an  optical  path  from  0.5  km  to  2  km  long.  The 
transmitter  consists  of  two  incoherent  light  sources  8.4 
cm  and  27.9  cm  in  diameter,  illuminated  by  quartz- 
iodine  lamps.  The  smaller  source  uses  a  frosted  bulb 
at  the  focus  of  a  concave  mirror;  the  larger  source  has 
its  lamp  at  the  focus  of  a  fresnel  lens  and  uses  a  separate 
piece  of  frosted  glass  to  insure  sufficient  uniformity  of 
illumination  over  the  aperture. 

The  receiver  (Fig.  2)  has  three  pairs  of  circular  aper- 
tures, 15.2  cm,  9.8  cm,  and  6.7  cm  in  diameter.  The 
distances  between  the  apertures  are  equal  to  the  aper- 
ture diameters  so  they  are  tangent  to  each  other.  Dual 
photodiodes  placed  at  the  focus  of  concave  mirrors 
measure  the  irradiance  of  the  apertures.  By  spacing  the 
transmitters  and  aligning  the  receiver  properly,  the  ir- 
radiance of  six  apertures  by  one  transmitter  is  measured 
by  one  group  of  six  diodes,  and  the  irradiance  of  the  six 
apertures  by  the  second  transmitter  is  measured  by  the 
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Table  I.     Transmitter  Size  [  =  a,  ( XL  )1'2]  and  the  Receiver  Size  I  = 
a,(XL)1/2)lor  the  Six  Transmitter-Receiver  Pairs 


Fig.  2.     A  front  view  of  the  receiver  showing  the  three  pairs  of  dif- 
ferent-sized apertures. 
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Fig.  3.     Block  diagram  of  the  system. 


T  R 

Fig.  4.     The  wind  path-weighting  functions  using  the  six  transmit- 
ter-receiver pairs  shown  in  Table  I.   The  horizontal  axis  is  the  relative 
path  position,  and  T  and  R  represent  transmitting  and  receiving  ends, 
respectively. 

second  set  of  six  photodiodes.  In  this  way  six  trans- 
mitter-receiver pair  aperture  ratios  are  obtained  with 
two  transmitting  apertures  and  three  receiving  aperture 
pairs.  Twelve  preamplifiers  at  the  receiver  provide 
both  a  low-gain  signal  suitable  for  C„  measurement  and 
a  high-gain  signal  that  can  be  clipped  for  wind  mea- 
surement purposes.    The  signal  processor  uses  these 
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Note:  The  linear  combination  coefficients  R  are  used  to  obtain 
better  path  resolution  according  to  Eq.  (13).  The  calibration  factors 
C/  are  calculated  according  to  Eq.  (14)  for  each  case. 


signals  to  calculate  both  transverse  wind  and  C2.  at  six 
locations  along  the  optical  path. 

A  block  diagram  of  the  circuit  used  to  compute  wind 
and  C2,  at  one  path  location  is  shown  in  Fig.  3.  Six  of 
these  circuits,  which  differ  only  in  calibration,  are  used 
so  that  measurements  are  made  simultaneously  at  the 
six  locations.  The  circuit  used  to  compute  wind  utilizes 
the  slope  system  and  is  similar  to  that  employed  in  the 
saturation-resistant  optical  wind  measurement  sys- 
tems.12 The  wind  calibration  is  independent  of  path- 
length  over  the  0.5-2.0-km  range. 

The  C2  circuit  is  arranged  so  that,  for  received  signals 
A  and  B,  a  calibrated  measurement  of  the  ratio 

af  =  (M-B)2>/«Ao-rBo)2]  (ID 

is  obtained.    It  can  be  shown  that13 

C2=(K<r,2D,7/3)/L3,  (12) 

where  L  is  the  pathlength,  Dt  is  the  incoherent  trans- 
mitting aperture  diameter,  and  K  is  a  function  of  the 
ratio  of  transmitting  and  receiving  aperture  sizes. 

Based  on  Eq.  (8),  the  six  calculated  path-weighting 
functions  for  wind  are  shown  in  Fig.  4.  Each  curve  is 
normalized  to  its  own  peak  value.  The  curves  peaking 
to  the  left  of  the  center  of  the  light  path  represent  the 
weighting  functions  for  the  small  ratio  of  transmitter 
size  to  receiver  size,  while  the  curves  to  the  right  rep- 
resent the  weighting  functions  for  the  large  ratio. 
Comparing  Figs.  4  and  1,  it  is  clear  that  using  extended 
transmitting  and  receiving  sizes  yields  sharper 
weighting  functions  than  can  be  obtained  with  a  point 
transmitter  and  receivers.  To  obtain  even  better  path 
resolution,  we  linearly  combine  the  weighting  functions 
to  obtain  new  weighting  functions: 


Wn  =  C/(Rn-2Wn-2  +  /?„_,  Wn_, 

+  Wn  +  Rn+lWn+i  +  Rn+2Wn+2), 

where 


(13) 


(14) 


Cf  =  (Rn-2  +  /?„_,  +  1  +  Rn+l  +  Rn+2)~\ 

Wn  is  the  original  weighting  function,  and  Rn  is  the 
coefficient.  If  we  use  the  values  of  Ffn  «hown  in  Table 
I,  the  weighting  functions  are  shown  in  Fig.  5. 

The  instrument  is  primarily  designed  to  measure 
wind  profiles,  and  the  optical  arrangement  is  not  opti- 
mum for  C2.     Useful  measurements  can  be  made, 
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Fig.  5.    The  wind  path-weighting  functions  using  linear  combinations 

according  to  Eq.  (13)  and  the  coefficients  listed  in  Table  I.    The 

horizontal  axis  is  the  relative  path  position,  and  T  and  R  represent 

transmitting  and  receiving  ends,  respectively. 


Fig.  6.    The  C„  path-weighting  functions  using  the  six  transmitter- 
receiver  pairs  shown  in  Table  I.    The  horizontal  axis  is  the  relative 
path  position,  and  T  and  R  represent  transmitting  and  receiving  ends, 
respectively. 
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Fig.  7.  Experimentally  measured  wind  path-weighting  functions 
of  the  six  transmitter-receiver  pairs  before  linear  combination.  The 
horizontal  axis  is  the  relative  path  position,  and  T  and  R  represent 
transmitting  and  receiving  ends,  respectively.  The  solid  curves 
represent  the  theoretical  weights.  The  dots  are  the  measured  weights 
averaged,  in  most  cases,  over  24-h  periods.  The  error  bars  represent 
the  standard  deviation  of  the  hourly  averages  throughout  the  mea- 
suring period.   The  pathlength  is  500  m. 
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Fig.  8.     Similar  to  Fig.  7  but  after  the  linear  combinations. 


however.  Based  on  Eq.  (4),  the  calculated  weighting 
functions  for  the  C%  measurement  are  shown  in  Fig.  6. 
The  aperture  sizes  chosen  for  profiling  wind  in  the 
middle  %  of  the  path  do  not  produce  the  same  weighting 
functions  for  C„;  hence  the  C\  weights  obtained  are  not 
symmetric  with  respect  to  the  center  of  the  optical 
path. 

For  wind  measurements,  we  performed  an  experi- 
ment on  a  uniform  500-m  path  to  check  the  path- 
weighting  function  shown  in  Figs.  4  and  5.  Our  path 
was  1.5  m  above  the  ground  and  was  equipped  with  ten 
propeller  anemometers  to  measure  the  component  of 
the  horizontal  wind  at  right  angles  to  the  optical  path. 
Clifford  et  al. n  give  a  procedure  by  which  the  simul- 
taneous measurement  of  wind  optically  and  with  spaced 
anemometers  is  used  to  determine  the  path-weighting 
function.  We  analyzed  the  data  with  an  on-line  mini- 
computer and  compared  the  optical  and  in  situ  cross- 
wind  measurements,  averaged  in  pairs.  The  compari- 
sons of  measured  and  theoretical  path-weighting 
functions  are  shown  in  Fig.  7  (no  linear  combination) 
and  Fig.  8  (after  linear  combination  according  to  the 
coefficients  listed  in  Table  I).  The  solid  curves  in  Figs. 
7  and  8  represent  the  theoretically  calculated  path- 
weighting  functions.  The  dots  are  the  measured 
weights  over  a  24-h  or  longer  period.  The  error  bars 
represent  the  standard  deviation  of  hourly  averages 
throughout  the  measuring  period.  Their  size  is  partly 
dependent  upon  the  spatial  variation  of  the  wind  com- 
ponent along  the  path,  because  weighting  information 
can  only  be  obtained  during  variable  wind  conditions. 
Thus  the  error  bars  tend  to  be  larger  when  the  wind  is 
more  nearly  uniform  over  the  optical  path,  and  smaller 
for  highly  variable  winds. 

The  experimental  results  generally  show  reasonable 
agreement  with  the  theoretical  predictions.  However, 
probably  due  to  the  intermittency  of  the  C„  distribution 
along  the  path,  the  measured  weights  are  usually 
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broader  than  the  theoretical  weights,  the  latter  having 
been  calculated  on  the  assumption  of  uniform  C„  along 
the  path.  Likewise,  the  averaging  periods  necessary  for 
a  given  wind-measurement  accuracy  increase  with  in- 
creasing C„  intermittency.  Also,  the  effective  SNR  for 
wind  profiling  vary  with  path  position.  The  midpath 
positions  are  much  better  than  those  near  the  trans- 
mitter or  receiver,  and  the  original  wind  measurements 
are  less  noisy  than  the  sharper  ones  we  have  obtained 
by  combining  weighting  functions. 

Some  other  effects,  not  specifically  evaluated,  very 
likely  contribute  to  the  measurement  error.  We  have 
assumed  in  the  analysis  a  Kolmogorov  spectrum  of 
turbulence  and  an  instrument  operation  wholly  within 
the  inertial  subrange.  Both  assumptions  may  be  vio- 
lated in  certain  regions  of  operation.  For  optical  paths 
near  the  ground  the  largest  transmitting  and  receiving 
apertures  may  be  influenced  by  changes  in  the  outer 
scale  of  turbulence.  However,  since  the  C„  measure- 
ment employs  a  differential  technique,  the  effect  is 
small. 1 1  Due  to  the  bump  in  the  spectrum  of  turbulence 
at  high  wavenumbers,19  the  smallest  transmitting  and 
receiving  apertures  will  observe  somewhat  higher 
scintillation  levels  than  predicted.  We  estimate  that 
the  maximum  error  for  wind  measurement  is  less  than 
10%  and  less  than  15%  for  C„  for  a  1-min  averaging  pe- 
riod. 

IV.     Conclusions 

We  have  shown,  both  theoretically  and  experimen- 
tally, that  by  changing  the  ratio  of  the  transmitting 
aperture  to  the  receiving  aperture,  measurements  of  the 
crosswind  and  the  refractive-index  structure  parameter 
weighting  functions  can  be  maximized  at  different  path 
positions,  and  that  difficulties  due  to  the  saturation  of 
scintillation  and  inner  scale  effects  are  minimized  by  the 
use  of  extended  incoherent  apertures.  By  linearly 
combining  several  such  measurements,  using  different 
ratios  of  the  transmitting  aperture  to  receiving  aperture, 
we  obtain  a  set  of  reasonably  sharp  weighting  functions 
peaked  in  the  middle  %  of  the  path.  A  prototype  in- 
strument, designed  on  these  principles,  has  performed 
satisfactorily  on  a  horizontally  homogeneous  path. 
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ABSTRACT 

We  are  using  an  infrared,  Doppler  lidar  system 
to  measure  velocities  in  the  atmosphere.   Applications 
to  air  quality  problems  for  which  the  Doppler  lidar 
is  being  evaluated  include  measurements  of  atmospheric 
diffusion,  stack  effluent  velocity,  and  structural 
loading  from  the  localized  winds  of  vortices,  and 
determination  of  the  urban  ventilation  factor.  The 
Doppler  lidar  measures  the  line-of-sight  component 
of  the  velocity  of  aerosols  in  its  sensing  volume. 
Properly  applied,  it  can  measure  wind  profiles  to  at 
least  300  m  altitude  at  a  distance  of  up  to  1  km  from 
the  lidar,  sub-resolution-volume  scale  turbulence, 
and  10.6  pm  backscatter  intensity.  The  Doppler  lidar 
system  acts  as  a  vertical  anemometer  array  and  is 
completely  mobile.   Profiles  obtained  from  variable 
range  or  variable  elevation  scans  apply  to  diffusion 
and  ventilation  problems.   Considerations  of  data 
interpretation  for  stack  effluent  velocity  have 
dictated  refined  Doppler  approaches.   Better  signal- 
to-noise  ratio  in  data  processing,  development  of  a 
differential  Doppler  technique,  and  use  of  Doppler 
lidar  to  measure  plus  and  minus  velocity  are  improve- 
ments under  way. 


THE  DOPPLER  LIDAR  TECHNIQUE  has  demonstrated  useful- 
ness in  a  number  of  environmental  monitoring  applica- 
tions. This  paper  presents  representative  applications 
of  Doppler  lidar  velocity  measurements  to  inform  the 
pollutant  sensing  community  about  the  measurement 
capability  and  to  stimulate  those  with  measurement 
needs  to  identify  other  applications  that  can  benefit 
from  the  capabilities  and  limitations  unique  to  the 
Doppler  lidar. 

Doppler  lidar  is  a  subcategory  of  active  remote 
sensing.   It  uses  a  narrow- frequency  laser  transmitter 
(lidar  =  light  detection  and  ranging)  and  a  telescope- 
receiver  of  scattered  light  to  detect  the  motion  of 
atmospheric  aerosols  at  a  distant  location,  which  may 
be  generally  inaccessible  to  conventional  in  situ 
anemometers. 

ATMOSPHERIC  VELOCITIES  IN  ENVIRONMENTAL  MONITORING 

Four  types  of  sensing  problems  illustrate  appli- 
cations of  Doppler  lidar.  These  problems  are  not 
inclusive  of  all  the  possibilities,  nor  are  they 
completely  solved  at  this  stage. 

DIFFUSION  -  Mean  wind-speed  profiles  are  used  as 
a  direct  measure  of  the  transport  of  airborne  pollu- 
tants. Wind  profiles  are  affected  by  meteorological 
conditions  and  terrain  configurations.   Present 
Doppler  lidars  cannot  provide  a  complete  three- 
dimensional  map  of  the  wind  field  over  the  entire 
space  of  interest.  They  are  effective  as  highly 
mobile  anemometer  arrays  with  considerable  flexibility 
in  positioning. 

Wind  profiles  at  suitably  chosen  locations  can 
characterize  the  wind  field  in  a  more  cost-effective 
fashion  than  tower-mounted  sensors  when  portability 


(short-term  experiments)  and  sensing  heights  above 
SO  m  are  involved.   Lidar-obtained  wind  profiles  can 
be  taken  continuously  over  a  chosen  point,  in  con- 
trast to  pilot  balfoon  measurements,  which  can  be 
taken  only  occasionally  and  with  significant  short- 
comings in  accuracy  and  representativeness.  The 
lidar's  mobility  and  remote  sensing  capability  is 
especially  valuable  in  uneven  terrain. 

There  are  diffusion  applications  of  lidar  wind 
measurements  in  research,  where  wind  speed  data  for 
extensions  of  Pasqui 11-Gifford  stability  classifica- 
tions for  elevated  sources  and  for  evaluation  of 
complex  terrain  diffusion  models  are  required. 
There  are  also  applications  in  operational  transport 
predictions,  where  both  profiles  and  knowledge  of 
horizontal  inhomogeneities  are  important. 

URBAN  VENTILATION  -  An  important  variable  for 
pollution  episode  prediction  in  urban  areas  is  the 
product  of  the  thickness  of  the  (aerosol)  mixed  layer 
and  the  flow  velocity  through  that  layer. 

The  flow  is  conveniently  measured  by  a  Doppler 
lidar  wind  profile.   As  in  diffusion  applications, 
the  Doppler  lidar  has  significant  operational  advan- 
tages over  towers  and  radiosondes  for  boundary  layer 
wind  measurements.   Possible  effects  of  severe 
weather  on  operational  lidar  range  are  not  signifi- 
cant for  this  application  because  during  severe 
weather  urban  ventilation  is  not  a  concern. 

Many  alternatives  are  available  for  inferring 
the  thickness  of  the  mixed  layer.   Simple  modifica- 
tions of  the  infrared  Doppler  lidar  allow  it  to 
measure  profiles  of  infrared  backscatter  from 
aerosols  in  the  1  to  3  um  diameter  range.  The 
thickness  of  the  mixed  layer  is  taken  to  be  the 
height  at  which  the  backscatter  decreases  sharply 
and/or  falls  below  a  predetermined  threshold.  This 
technique  compares  favorably  with  other  alternatives. 
Thickness  measurement  from  airborne  platforms  is 
expensive;  inferences  from  acoustic-sounder-sensed 
thermal  data  are  indirect;  visible-wavelength 
lidars  are  preferentially  sensitive  to  much  smaller 
particles,  suffer  from  sky  background  interference, 
are  less  eye-safe,  and  are  not  yet  operationally 
useful  for  wind  measurements. 

STACK  EFFLUENTS  -  The  mass  loading  of  a 
stationary  source  is  a  product  of  concentration  and 
effluent  velocity.  The  infrared  Doppler  lidar  has 
been  shown  to  be  useful  for  effluent  velocity 
measurements  in  preliminary  tests  (1)*.   Various 
technique  refinements  are  needed. 

At  low  elevation  angles,  the  line-of-sight 
velocity  component  of  the  principally  vertical 
effluent  flow  is  small.  This  fact  leads  to  two 
sources  of  error.  First,  the  presence  of  large 
turbulent  velocities  can  mask  the  small  mean  flow 
component.   A  homodyne  lidar,  which  does  not  deter- 
mine the  sign  of  the  velocity,  can  produce  a  mis- 
leading velocity  spectrum  from  pure  isotropic 
turbulence,  for  example.   A  heterodyne  lidar,  dis- 
cussed later,  is  indicated.  Second,  at  low  elevation 
angles,  the  lidar  is  preferentially  sensitive  to  the 
ambient  wind,  which  is  largely  horizontal.   In  this 
case,  sign  information  is  helpful,  and  a  lidar 
configuration  that  senses  flow  transverse  to  the 
line  of  sight  would  be  more  helpful  than  a  longitu- 


'Numbers  in  parentheses  designate  references  at  the 
end  of  the  paper. 
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dinal  component  sensor. 

Particularly  in  the  case  of  stacks,  it  is  impor- 
tant to  compare  lidar  principles  to  the  sensing  needs 
to  achieve  a  reasonable  measurement  solution. 

LOCALIZED  WIND  LOADING  -  One  environmental -energy 
problem  relates  to  effects  on  containment  structures 
from  tornados.   From  localized  wind  measurements, 
structural  effects  can  be  estimated. 

DOPPLER  LIDAR  PRINCIPLES 

GEOMETRY  AND  DATA  -  The  types  of  wind  data  avail- 
able from  a  Doppler  lidar  are  limited  by  the  back- 
scatter  geometry  that  is  the  only  practical  way  of 
sensing  atmospheric  motions  at  ranges  beyond  a  few 
meters.   Actual  velocity  information  comes  from  the 
Doppler  shift  of  infrared  radiation  backscattered 
from  aerosols  in  the  sensing  volume.   Only  the  com- 
ponent of  velocity  in  the  backscatter  (line-of-sight) 
direction  gives  a  shift.   At  10.6  pm  in  the  middle 
infrared,  a  velocity  component  of  1  ms"1  gives  a 
shift  of  189  kHz. 

The  sensing  volume  is  determined  by  the  focus 
region  of  the  transmit-receive  telescope  for  the 
present  coaxial,  CW  lidar  systems  that  are  practical 
for  environmental  monitoring.  Within  this  volume, 
the  aerosol  tracers  are  assumed  to  follow  air  motion. 
Since  in  general  the  scatterers  are  not  in  uniform 
motion,  a  frequency  (velocity)  spectrum  represents 
the  distribution  of  velocity  components  in  the 
sampling  region.   From  the  spectrum,  information  on 
the  total  backscattered  intensity  (0th  spectral 
moment),  mean  velocity  (1st  moment),  and  velocity 
spread  or  sub-resolution-volume  turbulence  (2nd 
moment)  is  available. 

Measurement  of  more  than  one  component  of  velo- 
city requires  multiple  beams.  Azimuth-elevation 
diversity  using  a  single  system  in  a  scanned,  time- 
shared  mode  is  workable  if  the  atmosphere  is  both 
horizontally  homogeneous  and  stationary  in  time. 
Multiple  beams  from  spatially  separated  systems 
converging  at  a  single  resolution  volume,  as  used 
for  Doppler  radars,  have  not  yet  been  used  for 
infrared  Doppler  lidars. 

FIELD  HARDWARE  -  We  are  using  a  compact,  mobile 
lidar  that  has  been  operated  aboard  a  light  aircraft 
and  a  pickup  truck.  The  system  uses  a  standard 
laboratory  laser,  30  cm  Newtonian  optics,  a  commer- 
cially-available detector,  and  an  electronic  spectrum 
analyzer.  Appropriate  flat  mirrors  steer  the  coaxial 
transmit-receive  beams  anywhere  within  a  full  hemi- 
sphere in  azimuth  and  elevation,  although  most  work 
is  done  between  -S°  and  +18°  elevation  or  at  90° 
elevation.   Radiated  power  is  3  W,  continuous  wave. 

A  velocity  spectrum  is  available  every  16  ms. 
The  resolution  volume  at  the  focus  is  roughly  a 
cylinder  less  than  0.2  mrad  in  azimuth  and  elevation, 
but  10  m  along  the  line  of  sight  at  100  m  range. 
This  length  increases  with  the  square  of  the  range 
out  to  approximately  1  km  where  no  range  resolution 
remains.   Velocity  accuracy  is  to  within  the  uncer- 
tainty in  the  speed  of  light  and  the  frequency 
calibration  of  the  spectrum  analyzer  (typically  less 
than  0.1%  full  scale).  Velocity  resolution  is 
limited  by  the  laser  linewidth  to  *3  cms"1  and  by 
the  spectrum  analyzer  to  approximately  1%  full  scale. 
For  example,  instrumental  uncertainty  is  less  than 
0.1  ms"1  for  a  full  scale  range  of  10  ms"1.   Full 
scale  velocity  can  range  to  200  ms"1  with  present 
equipment. 

Work  on  aerosol  statistics  with  this  lidar  (2) 
showed  that  approximately  5  X  103  scatterers  per  m3, 
of  diameter  2  urn  and  larger,  are  required  for  a 
working  range  of  200  m  with  5  s  integration  time  and 
6  dB  signal-to-noise  ratio.  This  typically  corre- 
sponds to  a  clean  rural  environment  with  50  km 


visibility.   In  urban  or  seacoast  environments,  the 
typical  operating  range  is  1  km  because  of  the  larger 
backscatter  than  in  rural  cases. 

ILLUSTRATIVE  FIELD  MEASUREMENTS 

The  first  task  for  any  new  measurement  techni- 
que is  to  establish  its  validity  by  comparison  with 
known  methods.  Comparisons  between  the  lidar  at  a 
range  of  ISO  m  and  a  tower-mounted  anemometer 
centered  on  the  resolution  volume  showed  excellent 
agreement  for  one  minute  averages  of  data  taken  under 
a  variety  of  conditions  (3) . 

A  related  observation,  familiar  to  anyone 
working  in  boundary  layer  wind  measurements,  is  that 
in  many  cases  the  lower  atmosphere  is  anything  but 
homogeneous  in  space  and  stationary  in  time.   This 
fact  places  significant  restrictions  on  azimuth- 
elevation  diversity  techniques  for  multicomponent 
wind  sensing. 

PROFILES  -  The  sample  volume  may  be  scanned  in 
height  by  fixing  an  elevation  angle  and  scanning  in 
range  or  by  choosing  a  range  and  scanning  the  eleva- 
tion angle.   Either  scan  with  a  fixed  azimuth 
measures  only  one  component  of  the  wind.   If  the 
elevation  angle  is  kept  small  (for  example  less  than 
18°)  then  the  component  measured  is  primarily 
horizontal.  Various  assumptions  about  the  atmosphere 
may  be  appropriate  for  particular  measurement 
situations. 

Figure  1  shows*  a  fixed  elevation,  variable 
range  scan.   Since  information  was  desired  along 
the  line  of  sight  in  this  case,  no  assumptions  on 
horizontal  homogeneity  were  made.  The  most 
restrictive  assumption  was  that  of  time  stationarity 
for  three  minutes  measurement  time  under  the  daytime 
convection  conditions  present. 
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Figure  1.      Fixed  elevation,   variable  range 
wind  profile. 


Improved   scanning   speed,    repetitive  scanning, 
and/or  more  efficient  data  processing,   discussed   in 
the  next  major  section,  would  relax  the  need  for  time 
stationarity.      If  the  atmospheric   situation  justified 
an  assumption  of  horizontal  homogeneity,   a  profile 
taken  at  a  different  azimuth  would  indicate  the  other 
horizontal  wind  component. 

Figure  2  presents  a  pair  of  profiles  upwind 
and  downwind  of  a  change  of  terrain  feature.      In  this 
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case,  an  assumption  of  horizontal  homogeneity  was 
obviously  invalid.   Because  of  an  inversion  above  the 
highest  point  measured,  an  assumption  of  negligible 
vertical  velocity  was  used  to  convert  the  measured 
line-of-sight  component  to  the  horizontal  component 
in  the  vertical  plane  containing  the  maximum  terrain 
change  gradient  (perpendicular  to  the  shore) .  The 
stable  sea  breeze  condition  indicated  that  an  assump- 
tion of  stationarity  was  appropriate  for  the  measure- 
ment. 
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Figure  2.   Sea  breeze  wind  profiles  using 
fixed  range,  variable  elevation  scan. 


More  data  were  available  from  the  lidar  velocity 
spectra  than  are  indicated  in  figure  2.   Profiles  of 
sub-resolution-scale  turbulence  show  interesting 
variations  upwind  and  downwind  of  the  terrain  change. 
For  this  case,  no  significant  velocity  fluctuations 
were  observed  on  scales  larger  than  the  resolution 
volume.  This  situation  is  consistent  with  the 
stationarity  assumption. 

Profiles  such  as  these  are  applicable  to  environ- 
mental monitoring  problems  of  diffusion  and  urban 
ventilation,  among  others.   At  this  state  of  system 
development  we  have  demonstrated  field  measurement 
capability  for  velocity  spectra  to  a  distance  of  1 
km  from  the  lidar  and  profiles  to  a  height  of  300  m 
using -naturally-occurring  aerosols.  The  setup  time 
for  a  measurement  is  approximately  one  minute. 

AEROSOLS  -  At  any  time  when  the  aerosol  back- 
scatter  is  strong  enough  to  provide  a  usable  signal, 
the  aerosol  backscatter  value  is  accessible  from  the 
signal  spectrum.   If  the  velocity  is  very  small, 
extracting  that  value  can  be  quite  difficult. 

We  have  experimented  with  a  frequency-modulated, 
continuous-wave  (FM-CW)  technique  to  measure  velocity- 
independent  backscatter  values.   It  turns  out  that 
FM-CW  modification  of  a  Doppler  lidar  is  operationally 
difficult  because  of  problems  in  linearizing  the 
frequency  sweep.   Developing  pulsed  modifications  to 
the  lidar  should  increase  the  system's  effectiveness 
and  ease  in  backscatter  measurement. 

One  important  application  of  the  backscatter 
measurement  is  to  determine  the  thickness  of  the 
mixed  layer  for  urban  ventilation  factor  monitoring. 
It  is  important  to  note  that  the  aerosol  backscatter 
at  10.6  urn  does  not  by  itself  measure  aerosol  concen- 
tration or  mass  loading.   The  relation  between  back- 
scatter  and  concentration  depends  on  the  aerosol 
size  distribution  and  refractive  index.  The  infrared 
backscatter  is  an  important  contributor  to  remote 
measurement  of  aerosol  concentration. 


STACKS  -  Visual  density  of  a  stack  plume  does 
not  guarantee  a  strong  lidar  signal.  Actual  measure- 
ments on  coal-fired  power  plant  plumes  at  400  to  600  m 
range  showed  signal-to-noise  ratios  of  15  dB  and 
greater.   Signal  intensity  from  the  test  stack  varied 
more  than  10  dB  over  a  few  minutes,  presumably  because 
of  varying  burner  loads  or  tube  cleaning.  We  did  not 
compare  in-stack  monitors  and  the  lidar  because 
demonstration  of  feasibility  was  the  only  objective. 
Full  scale  tests  should  be  based  on  the  improved  lidar 
capabilities  of  offset  local  oscillator  (for  sign 
determination)  and  perhaps  differential  Doppler  (see 
next  section). 

A  white  plume  from  a  cement  plant  with  efficient 
emission  controls  was  not  visible  to  the  lidar,  even 
though  it  was  visible  to  the  eye.   In  this  case,  the 
emitted  aerosols  were  less  than  1  urn  diameter,  con- 
sistent with  the  observed  plume  color.   For  aerosols 
less  than  approximately  3  urn  in  diameter,  the  return 
intensity  is  proportional  to  the  diameter  to  the 
fourth  power.  Thus,  submicron  particles  give  very 
weak  backscatter  for  an  infrared  lidar. 

The  lidar  is  able  to  detect  clouds  to  ranges  of 
2  km  even  though  liquid  water  is  strongly  absorbing 
at  10.6  urn.   It  was  not  surprising  therefore  to 
observe  10  dB  and  stronger  signals  from  cooling  tower 
plumes.   Detailed  condensation  plume  studies  await 
system  improvements  as  in  the  case  of  stack  studies. 

VORTICES  -  A  first  step  in  demonstrating  the 
potential  of  lidar  tornado  measurements  is  to  measure 
smaller  vortices.  The  largest  dust  devil  velocity 
observed  in  a  two-state  field  program  was  22  ms"l  (4). 
Waterspout  maximum  velocities  are  still  under  analy- 
sis, but  observed  spectra  (S)  are  generally  similar 
to  dust  devil  results  for  maximum  winds.  Tornados 
have  not  yet  been  measured  by  lidar. 

DEVELOPING  CAPABILITIES 

It  is  worthwhile  to  indicate  Doppler  lidar  capa- 
bilities that  should  soon  be  available  for  environ- 
mental monitoring.   These  expected  improvements  are 
based  on  the  field-tested  techniques  outlined  earlier 
in  this  presentation. 

DIFFERENTIAL  DOPPLER  -  By  breaking  up  a  large 
sensing  beam  into  three  or  more  smaller  beams  with 
interbeam  convergence  angles  of  6  mrad,  for  example, 
it  is  possible  to  measure  all  three  components  of 
velocity  at  a  single  point  (6).   When  this  technique 
is  applied  to  aerosol  targets,  significantly  better 
wind  measurements  for  environmental  monitoring 
purposes  should  be  available  than  are  obtained  with 
present  systems. 

Wind  profiles  in  support  of  diffusion  and  urban 
ventilation  applications  measured  by  differential 
Doppler  will  not  depend  on  assumptions  of  horizontal 
homogeneity  and  negligible  vertical  velocity.  Time 
stationarity  of  approximately  60  seconds  or  time 
averaging  for  15  minutes  would  still  be  required. 
For  profile  purposes,  we  envision  a  fixed,  vertically- 
pointing  system. 

The  differential  Doppler  technique  measures  the 
velocity  component  transverse  to  the  nominal  lidar 
axis,  as  well  as  along  it.   For  low  elevation  angle 
views  of  stacks,  the  transverse  component  is  generally 
the  larger.  Optical  systems  for  non-vertical 
differential  systems  at  long  ranges  could  be  quite 
bulky. 

DATA  PROCESSING  -  The  currently  used  scanning 
spectrum  analyzer  has  a  duty  cycle  given  by  the 
resolution  bandwidth  divided  by  the  full  scan.   For 
our  application  this  duty  cycle  is  between  0.3%  and 
1%,  which  rejects  99%  or  more  of  the  available  signal. 

Much  more  signal  is  usable  in  situations  where 
the  required  bandwidth  is  5  MHz  or  less  (<25  ms"1 
velocity).   In  these  cases,  we  are  testing  a  digital 
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autocorrelator  to  estimate  the  first  three  spectral 
moments.  A  chirped  spectrum  analyzer  is  also  under 
investigation.  The  significance  of  these  processing 
improvements  is  that  measurements  can  be  made  in 
lower-aerosol  environments  or  more  rapidly  than  is 
now  possible.   Preliminary  tests  indicate  a  signal- 
to-noise  improvement  of  10  dB  ±5dB  for  the  correlator 
over  the  swept  analyzer. 

SIGN  DETERMINATION  -  We  have  frequency-locked  a 
small  laser  at  10  MHz  offset  from  the  lidar  trans- 
mitter and  used  the  system  to  measure  the  velocity 
component,  including  sign  (toward  or  away),  from  a 
hard  (non-aerosol)  target. 

One  application  of  this  capability  is  to  large- 
turbulence,  small-mean-velocity  situations  as  in  the 
case  of  stack  effluents.  Vertical  velocity  measure- 
ments in  support  of  diffusion  experiments  under  con- 
vective  conditions  require  clear  differentiation  of 
upward  and  downward  velocities. 

SUMMARY 

The  infrared  Doppler  lidar  technique  for  wind 
measurement  has  already  proved  its  capability  in  a 
number  of  environmental  sensing  applications.   System 
improvements  are  underway  to  increase  the  sensing 
capabilities  of  the  lidar. 

Measurements  of  wind  profiles  are  relevant  to 
many  types  of  diffusion  research  and  to  monitoring 
urban  ventilation,  for  example.   Direct  measurements 
of  stack  exit  velocity  are  an  important  part  of  total 
mass  loading  assessment.   Aerosol  backscatter  data 
are  available  as  a  side  benefit. 

Present  profiling  operations  include  300  m  alti- 
tude, 1  km  range,  and  hemispherical  scanning  for  a 
single  component  of  the  wind.  Multi-component  sensing 


with  present  systems  requires  a  number  of  assumptions 
about  the  wind  field.   An  important  advantage  of  lidar 
measurements  is  the  speed  with  which  the  equipment  can 
be  set  up  and  data  taken. 

This  work  was  supported  in  part  by  the  Environ- 
mental Protection  Agency  under  task  F.PA-IAG-DS 
(E77BEB)  and  by  the  Nuclear  Regulatory  Commission 
under  agreement  AT(49-25) -1004 . 
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OPTICAL  REMOTE  SENSING  ON  TURBULENCE  AND  CROSS-WIND 


Ting-i  Wang 


This  paper  is  an  introductory  description  of  the  ground-based  op- 
tical remote  sensing.  First,  we  describe  the  basic  principle  of  optical 
sensing  for  atmospheric  turbulence  and  cross-wind.  We  then  describe 
several  practical  instruments  developed  by  the  optical  group  of  the 
Wave  Propagation  Laboratory.  Finally,  we  point  out  the  potential  usage 
of  these  instruments. 
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Q_9_4  A  FAST-RESPONSE  OPTICAL  SENSOR  FOR  MEASURING  RAINFALL  RATE 

AND  RAINDROP  SIZE  DISTRIBUTION 

Ting-i  Wang,  K.  B.  Earnshaw,  and  R.  S.  Lawrence 

National  Oceanic  and  Atmospheric  Administration 

Environmental  Research  Laboratories 

Wave  Propagation  Laboratory 

Boulder,  Colorado  80303 

I .  SUMMARY 

We  have  developed  a  laser-beam  system  to  measure  rain  rate  and  drop- 
size  distribution  averaged  over  a  200  m  horizontal  path.1  The  technique 
correlates  the  laser-beam  scintillations  produced  by  the  raindrops  at  two 
optical  detectors  separated  vertically  by  a  few  centimeters.  We  first  obtain 
the  path-averaged  drop-velocity  distribution  by  computing  the  covariance,  as 
a  function  of  time  delay,  between  the  scintillations  recorded  by  the  two 
detectors.  Assuming  a  known  monotonic  relation  between  a  raindrop's  size  and 
its  terminal  velocity,2  we  convert  the  velocity  distribution  to  drop-size 
distribution.  Our  earlier  optical  measurements  have  verified  that  path- 
averaged  drop-size  distribution  of  a  steady  rain  follows  a  Marshall-Palmer 
distribution.3'1*  Total  path-averaged  rain  rate  is  obtained  by  integrating 
the  drop-size  distribution  using  a  suitable  weighting  function.   Optically 
measured  path-averaged  rain  rate  agrees  well  with  simultaneous  tipping- 
bucket  rain-gauge  measurements.3 

II.  THE  INSTRUMENT 

Our  prototype  system  consists  of  a  laser  transmitter,  two  line  detectors 
and  an  analog  correlator  whose  output  feeds  a  computer  that  calculates  precip- 
itation quantities.  The  transmitter  is  a  4  mW  He-Ne  laser  and  optical  colli- 
mator that  produces  a  uniform  beam  20  cm  in  diameter.  The  two  receivers  are 
horizontal  linear  detectors  25  cm  long  and  0.15  cm  high  with  a  variable 
vertical  separation  that  is  typically  a  few  centimeters.  To  minimize  interfer- 
ence from  other  light  sources,  filters  exclude  all  light  except  a  0.002  urn 
passband  centered  at  0.6328  urn,  and  a  telescopic  aperture  restricts  the  field 
of  view  to  2°.   Correlation  between  the  scintillations  from  the  two  receivers 
is  accomplished  in  analog  delay  devices  that  multiply  and  integrate  to  obtain 
time-lagged  covariance  functions.   In  our  prototype  system,  the  scintillations 
were  recorded  on  analog  tape  and  processed  by  computer  later,  but  implementing 
a  real-time  readout  of  precipitation  quantities  would  be  straightforward. 

III.  SAMPLE  MEASUREMENTS 

We  operated  our  system  on  June  23,  1976  at  Boulder,  Colorado,  during  a 
storm  that  produced  a  mixture  of  rain  and  hail.  Detector  separation  was  4  cm 
and  path  length  was  200  m.   Figure  1  shows  the  time-lagged  covariance  functions 
for  nine  5-min  averaging  intervals.  The  peaks  at  4  ms  delay  correspond  to  a 
vertical  velocity  of  10m  s'1,  which  is  the  terminal  velocity  of  the  hail 
component,  whereas  the  9  ms  peaks  are  caused  by  raindrops  whose  terminal 
velocity  was  4.5  m  s"1.  Near  the  end  of  this  storm  (1220-1225),  the  hail 
disappeared,  whereas  rain  was  still  falling. 
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We  analyzed  another  storm  on  August  2,  1976  for  a  2  1/2-hour  period. 
Raindrop-size  distributions  for  each  42 -sec  interval  are  shown  in  Figure  2. 
Total  rain  rate  is  also  indicated  for  each  interval  by  the  height  of  the 
vertical  line  at  the  left  end  of  each  distribution.   Both  the  rain  rate  and 
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Fig.    1.     The  time-lagged  covariance 
functions  of  the  signals  detected 
by  two  vertically  separated  line 
detectors  with  a  separation  of  4  cm 
on  a  200-m  path  at  Table  Mountain 
during  a  mixture  of  rain  and  hail 
on  June  23,    1976. 


Fig.    2.     The  raindrop  size  distribu- 
tion for  every  42  seconds.     The 
vertical  axis  is  the  relative  frac- 
tion of  rain  rate  contributed  by 
drop-size  intervals.     The  horizontal 
axis  denotes  the  raindrop  diameter. 
Total  rain  rate  is  also  indicated 
for  each  interval  by  the  height  of 
the  vertical   line  at  the  left  end  of 
each  distribution. 

the  drop-size  distribution  changed  rapidly  during  this  storm.  The  heaviest 
rainfall  tends  to  be  correlated  with  larger  drop  size,  except  in  the  beginning 
of  the  storm,  where  large  drops  occurred  with  rates  of  only  7  mm  hr  l . 

Figure  3  compares  the  optically  deduced  rain  rate  during  this  storm  with 
the  rate  measured  by  a  single  tipping-bucket  rain  gauge  near  the  optical 
receiver.  The  agreement  is  good  but  might  have  been  better  if  readings  of 
several  rain  gauges  along  the  path  were  averaged. 

Figure  4  shows  the  mean  raindrop  size  vs  rain  rate  during  this  storm. 
The  solid  line  shows  the  relation  predicted  by  the  Marshall-Palmer  distri- 
bution.  The  scatter  of  experimental  points  is  substantial  for  rain  rate  less 
than  10  mm  hr  ,  whereas  a  linear  relationship  falling  somewhat  below  the 
Marshall -Palmer  line  is  evident  for  the  higher  rates. 
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Fig.    3.     A  comparison  between  opti- 
cally detected  rain  rates   (solid-line) 
and  rain  rates  measured  by  a  tipping- 
bucket  rain  gauge  near  the  receiving 
end  of  the  path   (dash-line) . 

IV.   CONCLUSIONS 


Fig.    4.     The  mean  raindrop  size  as  a 
function  of  rain  rate.     The  solid- 
line  indicates  the  mean  drop-size 
if  raindrops  follow  the  Marshall- 
Palmer  distribution. 


We  have  demonstrated  an  optical  device  that  measures 
rainfall  rate  and  drop-size  distribution.  The  technique 
advantages:  1)  The  measured  quantities  are  path-averages 
variations  whose  spatial  scale  is  smaller  than  the  optica 
Prior  knowledge  of  the  drop-size  distribution  is  not  requ 
rainfall  rate.  3)  The  actual  path-averaged  drop-size  di 
measured.  4)  Because  spatial  integration  (path  averagin 
time  integration  is  required  and  time  resolution  as  short 


path  averaged 
offers  the  following 

and  do  not  depend  on 
1  path  length.   2) 
ired  to  obtain  total 
stribution  can  be 
g)  is  used,  shorter 

as  20  sec  is  possible. 
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Simplified  optical  path-averaged  rain  gauge 


Ting-i  Wang,  K.  B.  Earnshaw,  and  R.  S.  Lawrence 


It  has  previously  been  shown  that  the  scintillations  produced  by  raindrops  falling  through  a  collimated  laser 
beam  can  be  used  to  measure  the  drop-size  distribution  and  the  rainfall  rate,  both  averaged  over  the  path. 
We  now  present  a  theoretical  analysis,  verified  by  observation,  showing  that  the  variance  of  the  scintillations 
detected  by  a  line-detector  measured  at  frequencies  near  1  kHz  is  closely  related  to  rain  rate  and  is  nearly 
independent  of  drop-size  distribution.  If  only  rain  rate  is  desired,  the  variance  type  of  optical  rain  gauge 
has  several  advantages  over  the  earlier  model.  It  could  use  a  diverging  beam,  thus  eliminating  the  practical 
difficulties  of  maintaining  adjustment  and  pointing  of  a  collimated  beam.  Furthermore,  it  is  less  sensitive 
to  the  presence  of  updrafts  and  downdrafts  along  the  beam  and  can  thus  be  used  over  rough  terrain. 


I.  Introduction 

Wang  and  Clifford1  and  Wang  et  al. 2  have  presented 
a  technique  for  measuring  path-averaged  rain  param- 
eters which  utilizes  the  temporal-spatial  covariance 
function  of  the  rainfall-induced  scintillations  of  a  laser 
beam.  One  advantage  of  the  technique  is  that  it  re- 
quires no  prior  assumption  of  the  form  of  drop-size 
distribution,  since  path-averaged  drop-size  distribution 
is  part  of  the  measurement.  The  technique  was  suc- 
cessfully confirmed  by  experiment.2  We  now  describe 
a  simpler  technique  for  measuring  the  path-averaged 
rain  rate  which  utilizes  the  standard  deviation  of  the 
rainfall-induced  amplitude  scintillation  detected  by  a 
single  line-detector.  We  discuss  the  reasons  for  using 
a  line  detector  instead  of  a  point  detector,  and  then  we 
compare  the  standard  deviation  technique  with  the 
covariance  technique.  Finally,  we  show  sample  mea- 
surements of  path-averaged  rain  rate. 

II.  Amplitude  Variance 

Figure  1  illustrates  the  geometry  of  an  incident  plane 
wave  propagating  along  the  x  direction  and  scattered 
by  randomly  located  raindrops.  We  assume  that  the 
raindrops  are  spherical  and  that  the  wavelength  X  of  the 
incident  wave  is  much  smaller  than  the  radius  a  of  the 
raindrop.  In  the  far  field,  the  normalized  amplitude 
scintillation  x  induced  by  a  raindrop  located  at  coor- 
dinates (x,y,z),  measured  by  a  horizontal  line-detector 
with  an  infinitesimal  width,  is  expressed  by  Eq.  (2)  of 
Wanget  al.,2  i.e., 
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x(x,y,z) 

m  i-(v/k)(2irx/k)l'2sin[kz2/(2x)  +  */4\Jl(r,z/x)lz;     if  \y\  <  1/2 
"lO  ;    if|y|>//2, 

(1) 

where  y  =  ka  is  the  drop-size  parameter,  a  is  the  drop 
radius,  k  =  2ir/\,  and  /  is  the  length  of  the  line-detector, 
extending  in  the  horizontal  (y)  direction. 

The  variance  of  the  amplitude  scintillation  detected 
by  the  single  line-detector  is  <rx2  =  (x2).  where  the 
bracket  represents  the  ensemble  average.  Using  Eq. 
(1),  replacing  i\lk  by  a,  we  have 


=  —    I     xdx  I    a2dNv(a,x) 
kl  Jo         J 

X    C"  dz  «n*[ir/4  +  kzV(2x)]  JlH"z/x) , 
•/—  z2 


(2) 


where  L  is  the  pathlength. 

In  Eq.  (2),  dNv(a,x)  is  the  differential  number  den- 
sity of  raindrops  with  radius  a  at  path  position  x.  The 
subscript  V  denotes  the  number  density  measured  for 
a  fixed  volume.    From  Eq.  (7)  of  Ref.  1,  we  have 


dNv(a,x)  = 


dh(a,x) 
4.8jtX  l(fia3v' 


(3) 


where  v  is  the  terminal  velocity  of  the  drop  with  radius 
a,  and  dh(a,x)  is  the  differential  rain  rate  contributed 
by  raindrops  with  radius  a  at  path  position  x.  It  can  be 
shown  (see  Sec.  IV,  Ref.  1)  that 


dh(a,x)  =  h(x)p(a,x)da, 


(4) 


where  h(x)  is  the  total  rain  rate  at  position  x  and  p(a,x) 
is  the  probability-density  function  of  raindrop  size  at 
that  position  given  by 
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INCIDENT  PLANE    lWAVE 


RECEIVING  PLANE 


Fig.  1.    Geometry  of  an  incident  plane  wave  scattered  by  randomly 
placed  raindrops  of  radius  a,  where  p  =  (y2  +  z2)1/2. 


p(a,x)  =• 


Nt(a,x)-*a3 

f"  daN,(a,x)-*a3 
Jo  3 


(5) 


[see  Eq.  (25),  Ret*.  1].  In  Eq.  (5),  Nt(a,x)  is  the  number 
density  of  raindrops  measured  in  a  fixed  time  period. 
[The  difference  between  the  number  densities  Nv(o,x) 
and  Nt(a,x)  is  discussed  in  detail  in  the  Appendix  of 
Ref.  2.]. 
Inserting  Eqs.  (3)  and  (4)  into  Eq.  (2),  we  obtain 

uhxid-»a*  rdaa-sma>x) 

Jo  Jo 


2  = 


kl 


X    f "  dz[l  +  sin(te2/x)] 


JiHmlx) 


(6) 


In  obtaining  Eq.  (6),  we  used  the  relationship3  v  =  200 
Va,  where  v  is  terminal  velocity  in  m/sec,  and  a  is  drop 
radius  in  m  [see  Eq.  (19)  of  Ref.  1].  Since  it  is  easy  to 
see  that  the  contribution  from  the  second  term  in  the 
bracket  is  small  compared  with  the  first  term,  provided 
that  a  «  (Xjc)1/2,  we  have 

(TX2  =  8.84  X  10-10/"1    f    h(x)dx    C"°  doa-l'2p(a,x).       (7) 

In  obtaining  Eq.  (7),  we  have  used  the  relationship 

For  the  purpose  of  comparison  it  is  necessary  to  know 
the  variance  of  the  amplitude  scintillation  detected  by 
a  single  point  detector.  This  is  given  by  [Eq.  (23)  of  Ref. 
1] 


;  =  5.22  X  10"10   C   dxh(x)   f "  daa-Mpia.x). 


(9) 


Inserting  Eq.  (5)  for  p(a,x)  into  Eqs.  (9)  and  (7),  re- 
spectively, using  the  relationships  Nt(a)  =  Ny(a)v(a) 
and  v{a)  ~  Va,  we  obtain,  for  a  point  detector, 


Jdaa2Nv(a,x) 
o 
dxhi 


(10) 


X' 


daa3N,(a,x) 


and,  for  a  line  detector, 


Jdaa3Nv(a,x) 
o 
dxh(x) — . 


(11) 


r 


daa3Nt(a,x) 


The  denominator  of  both  Eqs.  (10)  and  (11)  is  propor- 
tional to  the  total  amount  of  precipitation  at  path  po- 
sition x.  The  variance  for  a  point  detector  is  propor- 
tional to  the  total  cross-section  area  of  raindrops  in  a 
fixed  volume,  because  the  strength  of  the  drop-induced 
diffraction  pattern  is  proportional  to  the  cross-section 
area  of  the  raindrops.  By  contrast,  the  variance  for  a 
line  detector  is  proportional  to  the  total  water  content 
in  a  fixed  volume.  The  difference  between  the  signals 
detected  by  a  point  detector  and  by  a  line  detector  can 
be  explained  by  Fig.  2.  When  a  raindrop-induced  dif- 
fraction pattern  sweeps  through  a  point  detector,  the 
interference  fringes  can  be  detected  by  the  point  de- 
tector as  long  as  the  detector  is  inside  the  pattern.  The 
intensity  detected  is  proportional  to  the  cross-section 
area  of  the  raindrop.  However,  for  a  line  detector,  the 
detected  signal  is  an  average  over  the  whole  line  and  so 
is  sensitive  only  to  the  central  part  of  the  diffraction 
pattern  where  the  fringes  are  horizontal.  This  can  also 
be  seen  from  Eq.  (1).  When  the  center  of  the  diffraction 
pattern  is  outside  the  line  detector  (i.e.,  \y  \  >  1/2),  there 
is  very  little  contribution  to  the  detected  signal  from  the 
outside  fringes  of  the  pattern.  Hence,  for  a  line  detec- 
tor, there  is  almost  no  discrimination  between  large  and 
small  drops  as  long  as  the  center  of  the  diffraction  pat- 
tern passes  across  the  line  detector.   On  the  other  hand, 


Point  Detector 


Line  Detector 


Fig.  2. 
plane. 


The  raindrop-induced  diffraction  pattern  at  the  receiving 
Point-detector  and  line-detector  geometries  are  shown  for 
comparison. 
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for  a  point  detector  the  signal  will  depend  on  the  sepa- 
ration between  the  detector  and  the  center  of  the  dif- 
fraction pattern  of  raindrops.  Since  the  size  of  the 
pattern  is  inversely  proportional  to  the  drop  radius,  the 
intensity  scintillation  detected  by  a  line  detector  has  one 
more  linear  dependence  on  the  drop  size  compared  with 
that  detected  by  a  point  detector,  which  explains  the 
difference  between  Eqs.  (10)  and  (11). 

From  Eq.  (11),  the  raindrop-induced  amplitude 
scintillation  of  a  line  detector  is  proportional  to  the 
path-averaged  total  water  content  per  unit  volume  M, 
and  that  differs  from  the  path-averaged  rainfall  rate  by 
only  a  terminal-velocity  dependence.  This  is  a  weak 
dependence,3  proportional  to  the  square  root  of  the  drop 
size. 

To  demonstrate  how  to  obtain  the  path-averaged  rain 
rate,  we  assume  that  the  raindrop  size  distribution  fol- 
lows the  Marshall-Palmer  model,4  i.e., 


Ny(a,x)  =  N0  expj    2A(x)a], 


(12) 


where  N0  is  the  value  for  a  =  0  and  A(x)  is  a  function 
of  rainfall  rate  h  (x ).    It  has  been  reported4  that 


and  that 


N0  =  8  X  106  m-", 


AU)  =  4100/i(x)-°-21m- 


(13) 


(14) 


where  h  (x )  is  the  rainfall  rate  in  mm/h.  The  number 
density  is  Nt(a)  =  Ny(a)v(a).  Inserting  Eqs.  (12)  and 
(14)  into  Eq.  (11),  we  obtain 


4.13  X  10 


-8/-1    CLhot 
Jo 


(x)dx  ss  4.13  X  W-sl-lLh069i, 
(15) 


or 


/i  =  1.78X108(L/0-1117(<Tv)2i 


(16) 


where  h  is  the  path-averaged  rain  rate  in  mm/h,  and  / 
and  L  are  in  meters.  Although  Eq.  (16)  is  obtained  by 
assuming  that  the  drop-size  distribution  follows  a 
Marshall-Palmer  distribution,  the  dependence  is  not 
critical.  From  Eq.  (15),  it  is  evident  that  the  path- 
weighting  function  is  roughly  uniform. 

III.     Temporal  Power  Spectrum 

One  problem  involved  in  measuring  the  path-aver- 
aged rain  rate  from  the  variance  of  the  amplitude  scin- 
tillation is  that  turbulent  variations  of  refractive  index 
produce  scintillations  that  contaminate  the  rain-in- 
duced scintillation.  This  is  especially  true  at 
frequencies  below  500  Hz.  In  order  to  separate  the 
contributions  from  turbulence  and  from  rain,  a  tem- 
poral-frequency filter  must  be  applied  to  the  signal 
before  the  variance  measurement  is  made.  To  choose 
this  filter,  we  first  calculate  the  temporal  power  spec- 
trum of  the  rain-induced  amplitude  scintillations 
measured  by  a  single  line  detector.  The  spectrum  is 
defined  by 


<(/)- 


x: 


exp(-j'a;T)c  x(t)6t  , 


(17) 


where  cx(t)  is  the  temporal  autocovariance  function  of 
the  amplitude  scintillation.  Following  the  development 
of  Sees.  II  and  III  of  Ref.  1,  we  obtain  the  time-lagged 
autocorrelation  function  of  the  rain  induced  amplitude 
scintillation  of  a  single  line  detector,  i.e., 


Cx(t)  =  ^   fLxdx    f"  a2dNv(a,x) 
kl2  Jo  Jo 

X//2  /.» 

dy    1      dz  sm[kz2/(2x)  +  x/4] 
•1/2         J  — 

v    •   lui    .L.      \-luo  u     ,.-,Ji(tiz/x)Ji[v(z  +  vt)/x] 

X  sinlftU  +  VT)i/(2x)  +  r/4\ ; ; (18) 

z  (z  +  VT) 

Inserting  Eqs.  (3),  (4),  and  (18)  into  Eq.  (17)  and 
performing  the  integration  over  y,  we  obtain 


a>x(/)  =  2.08  X  10-9* -1/"1    f    dxxh(x)(Ii  +  I2), 
Jo 

where 

/,  =    f"  daa-3np(a,x)    f"  dz    f"  dr  cos(2ir/r) 
Jo  J—>       Jo 

/kzvT      kv2r\  Ji(kaz/x)  Ji[ha(z  +  vr)/x] 


(19) 


X  COS 


(RZVT        «U'T'\ 
x  2x    ) 


Z  +  VT 


(20) 


and 


(21) 


/2=    f"  daa-3/2p(a,x)    f"  dz    C~  dT-costfir/r) 
Jo  »/-»       Jo 

(kz2     kzvr     ku2T2\  Ji(kaz/x)Ji[ka(z  +  ut)/x] 
+ + ) 
x          x           1x    I          z                  z  +  VT 

In  obtaining  Eqs.  (20)  and  (21),  we  used  the  relationship 
between  the  drop  radius  and  the  terminal  velocity  given 
by  v  =  200  Va .  If  we  assume  that  the  Fresnel-zone  size 
(Xjc)x/2  is  much  larger  than  the  drop  size  a  (a  reasonable 
assumption  for  x  >  10  m  in  the  optical  band  and  a  ~  1 
mm),  the  integrations  over  r  and  z  in  Eqs.  (20)  and  (21) 
can  be  obtained  by  the  method  of  stationary  phase  at 
t  =  —  z/v  ±  wxl(kv2)  and  z  =  ^wx/ikv),  respectively. 
(See  Sec.  V  and  Appendix  II  of  Ref.  1  for  details  of  the 
restrictions  on  the  application  of  the  method  of  sta- 
tionary phase.)    Accordingly,  we  obtain 


irk      r 

~  lOOx  Jo 


■       Ji2(2rfa/v)  (XI 

a   (2icfa/v)2  P       'IxcobI4*W(*i>2)] 


Inserting  Eq.  (19)  into  Eq.  (16)  gives 

2.081X10-"    rL  .  .  .  .    rm  ,     .      ,Ji2'.2wfa/v) 


vx(f)  = 


/ 


f    dxh(x)    f"  dap(a,x) 
Jo  Jo 


(2irfa/v)2 
X  |1  +  cos[4jt2/2x/(*i>2))|.     (23) 


To  see  how  sensitively  the  temporal  power  spectrum 
depends  on  drop-size  distribution,  we  assume  that  the 
rain  rate  is  uniform  along  the  path  [i.e.,  h(x)  =  h  and 
p(a,x)  =  p(a)].    Then  Eq.  (23)  can  be  simplified  as 


**(/)  = 


2.08t  X  10-"/tL 
/ 


f    dap( 


a) 


</,2(ir/v/a/100) 


U/Va/lOO)2 

r     sin^xio-y^-^-'Di 


X    1  + 


(24) 


For  the  special  case  where  the  drop-size  distribution 
follows  a  Marshall-Palmer  model,  we  have 
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f(Hz) 


Fig.  3.    Temporal  power  spectra,  normalized  to  rain  rate,  of  the 

amplitude  scintillation  induced  by  rainfall  on  a  line  detector.    The 

drop-size  distribution  is  assumed  to  follow  a  Marshall-Palmer  model 

(/  =  length  of  the  detector  in  m). 
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Fig.  4.    Frequency  distribution  of  energy  of  the  temporal  power 
spectra  shown  in  Fig.  3. 
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(8.09h-°-2i/2fc-io'-iL) 


(25) 


where  a'  =  8200/i "°  21a.    Equation  (25),  normalized  to 


rain  rate,  is  plotted  in  Fig.  3  for  rainfall  rates  h  oil,  10, 
and  100  mm/h.  The  terminal  velocity  is  proportional 
to  the  square  root  of  the  drop  size,  and  the  cutoff  fre- 
quency is  on  the  order  of  the  ratio  of  the  velocity  to  the 
radius  of  the  raindrops,  i.e.,  ao-1/2,  where  ao,  the  mean 
drop  size,  is  proportional  to  h° -21  for  a  Marshall-Palmer 
distribution.  Since  a  smaller  rainfall  rate  has  smaller 
drops,  the  temporal  power  spectrum  has  more  high- 
frequency  content.  To  see  the  true  frequency  distri- 
bution of  energy,  Fig.  4  shows  the  normalized  temporal 
power  spectrum  fwx{f)l/h.  It  is  obvious  that  for  a 
smaller  mean  size  ao,  or  a  smaller  rainfall  rate,  the  peak 
power  is  at  a  higher  frequency.  Again,  the  frequency 
of  the  peak  power  is  proportional  to  ao_1/2  or  h~0105. 
For  pathlengths  L  varying  from  200  m  to  2  km,  the 
spectra  are  similar  except  that  the  low-frequency  bump 
moves  to  a  lower  frequency  proportional  to  L-1/2. 

Note  that  the  variance  and  the  temporal  power 
spectrum  of  the  log-amplitude  scintillations  are  not 
dependent  on  the  wavenumber  k  as  long  as  the  wave- 
length is  small  compared  with  the  sizes  of  raindrops. 
Furthermore,  all  of  the  above  results  are  based  on  the 
far-field  assumption,  i.e.,  x  »  4a2/\.  If  we  assume  that 
the  radius  of  the  raindrops  is  1  mm  and  A  =  0.63  nm, 
then  4a2/X  =  6.3  m.  Hence  all  drops  except  those  very 
close  to  the  detector  are  sufficiently  distant  to  satisfy 
the  far-field  condition. 

The  results  plotted  in  Figs.  3  and  4  are  based  on  the 
assumption  that  the  rainfall  rate  is  uniform  along  the 
path.  While  this  is  not  true  for  a  practical  case,  we 
found  from  Figs.  3  and  4  that  the  temporal  power 
spectra  are  quite  insensitive  to  rainfall  rate.  It  seems 
reasonable,  therefore,  to  replace  the  path  dependent 
rainfall  rate  h(x)  by  the  path-averaged  rainfall  rate  h 
in  Eq.  (25),  and  we  can  show  that  the  changes  in  the 
temporal  power  spectrum  due  to  this  substitution  will 
be  small. 


IV.     Filtered  Amplitude  Variance 

Figures  3  and  4  show  that  the  low  frequency  region 
of  the  temporal  power  spectrum  of  rain-induced  scin- 
tillations detected  by  a  line  detector  is  proportional  to 
the  path-averaged  rain  rate  regardless  of  the  drop-size 
distribution.  However,  observation  of  this  portion  of 
the  spectrum  will  be  contaminated  by  contributions 
from  turbulence-induced  scintillations.  To  discrimi- 
nate between  the  contributions  from  turbulence  and 
from  rain-induced  scintillation,  some  filtering  must  be 
used.  In  the  high  frequency  region,  the  spectrum  be- 
comes sensitive  to  rain  rate  (or  drop-size  distribution). 
This  is  because  the  diffraction  pattern  is  smaller  (hence, 
has  a  lower  frequency  response)  for  larger  drops.  In  this 
region,  the  advantage  of  a  line  detector  over  a  point 
detector  (see  Sec.  II)  vanishes,  and  the  spectra  coincide 
with  the  case  of  a  point  detector. 

It  is  easy  to  show  that,  in  the  high  frequency  region 
(/  >  500  Hz),  the  second  term  in  the  brackets  of  Eq.  (24) 
can  be  ignored.  The  filtered  amplitude  variance  is 
given  by 


1  February  1978  /  Vol.  17,  No.  3  /  APPLIED  OPTICS         387 


237 


2.08t  X  10-  nhL 
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C'dapia)    C'df-j 
Jo  Jh         ( 


xfVa/100)2  ' 


(26) 

where  /i  =  low  cutoff  frequency  and  fa  =  high  cutoff 
frequency.  For  fa  <  f2  ^  1.5  kHz,  the  Bessel  function 
in  Eq.  (26)  could  be  approximated  by 


^^id-x^/4). 


(27) 


x2         4 

Inserting  Eq.  (27)  into  Eq.  (26)  and  performing  the  in- 
tegration over  /  give 

a/2  =  1.63  X  lO-"hLl-l(f2  -  fx) 

XL1 12X10*         Jo    d°ap(0)}     (28) 

In  obtaining  Eq.  (28),  we  have  used  the  identity 

J"dap(a)  =  l. 

For  a  Marshall-Palmer  distribution,  Eq.  (28)  reduces 
to 

<t/2  =  1.63  X  W+MA-Hft  -  A)[l  -  0.0451/1°  21(/,2  +  M2  +  /22)], 

(29) 

where  f\  and  fa  are  in  kHz.   The  results  of  the  filtered 
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Fig.  6.    Schematic  diagram  of  the  prototype  optical  rain  gauge. 
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standard  deviation  of  the  amplitude  scintillation  for 
various  values  of  fa  and  fa  vsh1/2  are  shown  in  Fig.  5.  In 
the  low  frequency  region,  the  standard  deviation  oy  is 
linearly  proportional  to  hl/2.  This  dependence  indi- 
cates that  the  measurement  is  independent  of  the 
drop-size  distribution.  However,  this  information  is 
contaminated  by  the  turbulence-induced  scintillation. 
The  higher  the  frequency  band,  the  more  nonlinearity 
appears  in  the  relationship  between  oy  and  h1/2  and  the 
more  dependent  the  measurements  become  on  drop 
size.  (For  comparison,  the  point-detector  case  is  also 
plotted  in  Fig.  5.) 

To  improve  linearity,  we  wish  to  use  as  low  a  fre- 
quency band  as  possible.  But  we  have  found  that,  even 
in  the  500-Hz  to  1-kHz  band,  contamination  by  turbu- 
lence scintillation  cannot  always  be  ignored,  particularly 
when  the  wind  is  strong.  Therefore,  we  are  forced  to  use 
a  narrowband  filter  at  1  kHz.  Measurements  of  path- 
averaged  rain  rate  at  this  frequency  depend  only  slightly 
on  drop-size  distribution. 


V.     Experimental  System  and  Results 

A  schematic  diagram  of  the  prototype  system  appears 
in  Fig.  6.  The  transmitter  is  a  4-mW  He-Ne  laser  fol- 
lowed by  an  optical  system  that  expands  the  beam  to 
produce  a  collimated  beam  20  cm  in  diameter.  The 
receiver  is  a  horizontal  line  detector  25  cm  long  and  0.15 
cm  high.  The  0.15-cm  height  of  the  line  detector  will 
average  some  high  frequency  signals  producing  a  cutoff 
frequency  of  the  order  ofv/d,  where  v  is  the  velocity  of 
the  drop  pattern  and  d  is  the  height  of  the  detector.  If 
we  assume  that  the  terminal  velocity  of  the  most  ef- 
fective drop  size  (a  =  1  mm)  is  6  m/sec,  the  cutoff  fre- 
quency is  about  4  kHz,  comfortably  higher  than  the 
1-kHz  frequency  of  interest.  Interference  filters  with 
a  passband  of  0.002  pm  are  used.  Also,  multiple  field 
stops  are  used  to  exclude  background  light.  The  de- 
tected scintillation  signal  passes  through  a  bandpass 
filter,  and  its  rms  value  is  recorded  on  a  chart  record- 
er. 

The  system  was  used  during  the  summer  of  1976  on 
a  200-m  flat  path  at  Table  Mountain,  a  mesa  located  12 
km  north  of  Boulder,  Colorado.  A  tipping-bucket  rain 
gauge,  which  sent  a  pulse  to  a  chart  recorder  for  each 
0.25  mm  of  accumulated  rainfall,  was  located  under  the 
path  at  15  m  from  the  receiver.  More  than  20  h  of  rain 
data  were  recorded.  Two  3-h  sections  with  various  rain 
rates  were  selected  to  test  the  technique  against  theo- 
retical expectations. 

The  measured  standard  deviation  of  the  amplitude 
scintillations  is  shown  by  the  solid  lines  in  Figs.  7  and 
8.  In  these  figures,  the  dashed  lines  are  the  quantity 
/j i/2(i  —  0.135/i°-21)1/2,  where  h  is  the  rain  rate  measured 
by  a  tipping-bucket  rain  gauge.  From  Eq.  (29),  for  /i 
=  fa  =  1  kHz,  this  quantity  should  be  proportional  to 
the  standard  deviation  oy.  Because  the  rain  rate  mea- 
sured by  a  tipping  bucket  is  a  point  measurement  while 
the  optical  measurement  is  a  path  average,  a  40-sec  time 
constant  was  used  on  both  gauge  and  optical  measure- 
ments in  Fig.  8  and  on  the  upper  graph  of  Fig.  7.   The 
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Fig.  7.     The  time  variation  of  rain  rates  measured  by  a  tipping-bucket  rain  gauge  and  by  an  optical  rain  gauge  on  25  July  1976.   The  time  scale 

of  the  lower  diagram  is  expanded. 


vertical  scale,  oy  is  arbitrarily  adjusted  to  give  the  best 
linear  regression  with  tipping-bucket  data.  The  linear 
regression  of  these  two  quantities  is  shown  in  Fig.  9. 
For  high  rain  rate  (h  £  5  mm/h),  the  results  are  plotted 
for  a  fixed  1-min  time  constant  (shown  by  dots  in  Fig. 
9).  For  low  rain  rate,  the  time  resolution  of  the  tip- 
ping-bucket rain  gauge  is  insufficient  to  compare  with 
the  optical  measurements.  We  decided  to  take  the 
average  of  the  optical  data  between  tips  of  the  tip- 
ping-bucket gauge  and  to  plot  this  against  the  tipping- 
bucket  gauge  reading  (shown  by  circles  in  Fig.  9).  In 
all  three  figures,  the  agreement  between  the  rain  gauge 


and  the  optical  measurements  is  good  and  might  have 
been  further  improved  by  using  several  rain  gauges 
deployed  along  the  path.  For  a  detailed  comparison, 
the  heavy  rain-rate  section  of  the  25  July  1976  data  is 
expanded  and  shown  in  the  lower  graph  of  Fig.  7.  A 
40-sec  time  constant  is  used  on  the  optical  data,  but  no 
smoothing  is  applied  to  the  rain-guage  data.  It  is  clear, 
in  the  heavy-rate  section,  that  the  gauge  measurements 
have  more  variation  than  the  optical  measurements. 
This  is  because  the  tipping-bucket  values  represent 
point  measurements  while  the  optical  measurements 
are  path  averaged. 
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Fig.  8. 


5  AM 
August  2, 1976 

The  time  variation  of  rain  rates  measured  by  a  tipping-bucket  rain  gauge  and  by  an  optical  rain  gauge  on  2  August  1976. 
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Fig.  9.     Filtered  standard  deviation  vs  h1/2(l-0.135h02,)I/2  (see  detail 
in  text)  of  Figs.  7  and  8.    The  straight  line  shows  the  best  linear  re- 
gression fit.    Dot:    1-min  averaging  time  constant;  circle:   averaged 
value  between  tips  of  the  tipping-bucket  rain  gauge. 


VI.     Conclusions 

We  have  demonstrated  that  the  path-averaged  rain 
rate  can  be  measured  by  using  the  variance  (or  standard 
deviation)  of  the  rainfall-induced  amplitude  scintilla- 
tion detected  by  a  single  line  detector.  Comparing  this 
single-detector  variance  technique  to  the  two-detector 
temporal-spatial  covariance  technique,2  the  rain  rate 
obtained  from  single-detector  variance  is  dependent  on 
drop-size  distribution,  though  the  dependence  is  weak 
(see  Fig.  5).  However,  the  new  method  has  several 
advantages.  The  instrument  is  simpler  and  less  ex- 
pensive, and  the  construction  of  the  source  is  less  critical 
than  for  the  two-detector  instrument  which  requires  a 
well-collimated  beam.  Furthermore,  the  measurement 
of  the  path-averaged  rain  rate  by  the  new  technique  is 
less  sensitive  to  vertical  wind.  Accordingly  the  path  for 
the  variance  technique  could  be  high  above  the  ground 
(e.g.,  from  mountain  top  to  mountain  top)  or  a  slant 
path.  This  feature  permits  the  new  technique  to  be 
used  in  various  geographic  areas,  especially  in  the 
mountainous  terrain.  We  believe  this  to  be  a  simple 
and  potentially  useful  device  for  measuring  the  path- 
averaged  rain  rate. 
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I. 


INTRODUCTION 


We  have  previously  reported  the  development  of  a  laser-beam  instrument 
that  measures  the  average  wind  across  an  optical  path  by  processing  the  scin- 
tillations caused  by  natural  atmospheric  refractivity  fluctuations.1  The 
scintillations  recorded  by  detectors  spaced  a  few  centimeters  apart  are  cross- 
correlated,  and  the  path-averaged  cross  wind  is  derived  from  the  slope  of  the 
covariance  function  at  zero  time  lag.  Theoretical  calculations  have  shown 
that  such  a  path  average  contains  a  weighting  function  that  emphasizes  differ- 
ent portions  of  the  path,  depending  on  the  separation  between  the  detectors.1 
Thus,  by  varying  the  detector  separation,  we  could,  in  principle,  emphasize 
any  desired  part  of  the  optical  path;  however,  the  practical  utility  of  such 
a  system  for  path  profiling  is  limited  because  the  true  profile  is  "smeared" 
by  a  rather  broad  weighting  function. 

Further  theoretical  and  experimental  work  has  shown  that  it  is  possible 
to  sharpen  the  path-weighting  function  by  employing  an  extended  incoherent 
light  source  and  larger  receiving  apertures.  Furthermore,  the  location  of  the 
weighting  function  along  the  path  can  be  adjusted  by  varying  the  ratio  of  the 
source  to  receiving  apertures.2'3  Even  better  resolution  along  the  path  can 
be  obtained  by  linearly  combining  data  obtained  with  different  weighting 
functions  using  different  transmitter-to-receiver  aperture  ratios.  Figure  1 
shows  such  a  set  of  weighting  functions  calculated  from  linear  combinations  of 
weighting  functions  for  different  transmitter/receiver  aperture  ratios. 


Wl'       W2*     W3*     W4#      W5'      W6* 


Fig.    1. 


Combined 


The  wind  path-weighting  functions  using  linear  combinations  of  the 
weighting  functions  obtained  by  six  transmitter -receiver  pairs. 
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In  principle,  then,  improved  cross-wind  profiling  should  be  possible  with 
an  incoherent  optical  system  in  which  one  or  both  apertures  are  variable. 
Another  advantage  of  extended  incoherent  sources  over  coherent  illumination  is 
that  scintillation-saturation  is  largely  eliminated.  To  test  this  concept,  we 
made  wind  measurements  with  a  prototype  profiler  that  uses  six  aperture  ratios. 

II.   THE  INSTRUMENT 

The  transmitter  consists  of  two  incoherent  light  sources  8.4  cm  and 
27.9  cm  in  diameter.   Each  uses  a  quartz-iodine  lamp.  The  smaller  source  uses 
a  frosted  bulb  at  the  focus  of  a  concave  mirror;   the  larger  source  uses  a 
separate  piece  of  frosted  glass  between  the  bulb  and  a  Fresnel  lens  to  obtain 
uniform  aperture  illumination. 

The  receiver,  shown  in  Figure  2,  consists  of  three  pairs  of  concave 
mirrors  15.2,  9.8  and  6.7  cm  in  diameter  with  two  photodiodes  at  each  focus 
that  integrate  the  illumination  over  each  aperture.  The  field  of  view  of  each 
photodiode  is  restricted  by  masks  so  that  one  of  each  pair  sees  one  of  the 
sources  and  the  other  photodiode  sees  the  other  source.   In  this  way  six 
transmitter-receiver  aperture  ratios  are  obtained  with  two  transmitting 
apertures  and  three  receiving  apertures. 


■i  . 


Fig.    2.     A  front  view  of  the  receiver  showing  the  three  pairs  of  different- 
sized  apertures. 

III.  EXPERIMENTAL  VERIFICATION 

To  test  the  profiler,  we  equipped  a  500-m  optical  path  with  ten  propeller 
anemometers  to  measure  the  transverse  component  of  the  horizontal  wind.  To 
smooth  the  anemometer  data,  we  averaged  them  in  pairs.   By  solving  a  system  of 
equations  involving  the  cross  correlations  among  the  wind  fluctuations  recorded 
at  all  the  anemometers,  as  well  as  the  optically  measured  weighted-average 
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wind,  we  can  recover  the  actual  weighting  function  of  the  profiler.   Details 
of  this  procedure  are  described  in  Reference  4.   Figure  3  shows  the  measured 
weighting  functions  for  the  six  aperture  ratios,  compared  with  the  appropri- 
ate theoretical  weighting  functions.  The  error  bars  associated  with  the 
measurements  represent  the  standard  deviations  of  hourly  measurements  over  a 
recording  period  at  least  24  hours  long.  The  error  bars  are  large,  even  for 
a  24-hour  period,  because  only  the  spatial  variations  of  the  transverse  wind 
can  be  used  to  calculate  the  weighting  function.   The  measured  weights  appear 
to  be  broader  than  the  theoretical  ones.  This  could  be  caused  by  inter- 
mittence  of  the  refractive-index  structure  parameter  (C2)  along  the  path, 
whereas  the  theory  assumes  a  uniform  C2. 
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Fig.   3.     Experimentally  measured  wind  path-weighting  functions  of  the  six 
transmitter-receiver  pairs  after  linear  combination.     The  solid 
curves  represent  the  theoretical  weights.     The  dots  are  the  measured 
weights  averaged,   in  most  cases 3   over  24-hr  periods.     The  error  bars 
represent  the  standard  deviation  of  the  hourly  averages  throughout 
the  measuring  period.     The  path  length  is  500  m. 
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IV.  CONCLUSIONS 

We  have  shown  theoretically  and  have  verified  by  measurement  that,  by 
changing  the  ratio  of  transmitting  aperture  to  receiving  aperture,  the  path- 
weighting  function  for  cross  wind  can  be  moved  along  the  middle  two-thirds 
of  the  path.   By  linearly  combining  several  measurements  using  different 
aperture  ratios,  we  can  further  sharpen  the  weighting  functions  and  provide 
greater  profile  resolution.  A  prototype  instrument,  designed  on  these 
principles,  has  performed  satisfactorily. 
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A  saturation-resistant  optical  scintillometer  to  measure  C* 
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This  paper  describes  a  new  optical  technique  for  measuring  the  refractive-index  structure  parame- 
ter C I  .  By  using  relatively  large  incoherent  transmitting  and  receiving  optics,  the  scintillometer 
maintains  its  calibration  and  path-weighting  function  throughout  the  range  of  observed  refractive 
turbulence  values,  even  to  the  case  of  saturated  scintillation. 


I.     INTRODUCTION 

It  is  known1-3  that  the  path -averaged  refractive  turbulence 
C2  in  the  weak-scattering  region  can  be  measured  by  the  ir- 
radiance  (or  amplitude)  scintillation  of  a  monochromatic  wave 
propagating  through  the  atmosphere.  The  variance  of  the 
log-amplitude  a\  for  a  spherical  wave  propagating  through 
a  statistically  homogeneous  and  isotropic  refractivity  field  is 
given  by1 

4  =  4*2^2    C    dz    P~  dKKt>(K) 

Jo         Jo 

XSin(       2kL       )'     (1) 

where  k  is  the  wave  number  of  the  radiation,  L  is  the  path 
length,  and  $(K)  is  the  three-dimensional  spectrum  of  the 
refractive-index  fluctuations.  The  most  commonly  accepted 
form  of  the  spectrum  of  refractive  turbulence  is  that  of  Kol- 
mogorov,4  i.e., 


(2) 


#(K)  =  0.033  C2n(z)K~n'3. 
Inserting  Eq.  (2)  into  Eq.  (1),  we  obtain 

4  =  0.124  kVSLn*C2n,  (3) 

where  C2n  is  the  path-averaged  value  of  Cl(z)  with  a  weighting 
function  [(z/L)(l  -  z/L)]5/6.  Equation  (3),  which  is  based  on 
the  first-order  scattering  theory,  is  applicable  only  as  long  as 
the  integrated  amount  of  refractive  turbulence  aj  is  small,  i.e., 
or  ^  0.3.  As  the  strength  of  refractive  turbulence  increases, 
the  scintillations  saturate4  and  any  scintillometer  whose 
performance  is  based  on  the  proportionality  of  <r2T  and  C2  will 
fail.  Besides  the  saturation  effect,  another  difficulty  of 
measuring  C2  on  short  paths  (L  <  300  m)  is  that  the  weighting 
function  and  the  calibration  will  vary  with  the  microscale  of 
the  refractive  turbulence  lo- 
in this  paper  we  derive  the  formulas  that  describe  the  per- 
formance of  the  optical  C2n  sensor  in  strong  turbulence  and, 
based  on  this  theory,  describe  the  design  and  testing  of  an 
optical  C2  sensor  that  maintains  its  path-weighting  function 
and  calibration  throughout  the  observed  range  of  refractive 
turbulence  values.  The  measurements  are  also  independent 
of  the  microscale  of  the  refractive  turbulence  so  that  the  same 
technique  may  be  used  on  short  optical  paths. 

II.     THEORY 

To  obtain  the  path -weighting  function,  we  rewrite  Eq.  (1) 
in  a  more  convenient  form: 


where  W(z)  is  the  path-weighting  function  for  C\,  given  by 

<K2z(L-z) 


tV(z)  =  47r2fc2    f"  dKKHK)  sin2  ( — — Y 

Jo  \       2kL       I 


(5) 


To  include  the  effect  of  the  microscale,  we  use  the  spectrum 
suggested  by  Tatarskii,1  i.e., 

*(K)  =  0.033  C2n(z)K  -u'3exp(-K2/K2J,  (6) 

where  Km  =  5.92//0.  The  resultant  path-weighting  functions 
are  shown  in  Fig.  1.  The  solid-line  curve  represents  the  case 
when  Iq  =  0.  The  dashed-line  curve  is  the  case  for  /0  =  0.435 
(AL)1/2,  which  corresponds  to  lo  =  6  mm  for  L  =  300  m,  and 
A  =  0.6328  fim  (He-Ne  laser).  Both  the  shape  of  the  weighting 
function  and  the  calibration  (area  under  the  curve)  change. 
Because  it  is  difficult  to  give  the  value  of  the  microscale  ac- 
curately, the  effect  of  the  microscale  will  introduce  errors  in 
the  measurements  of  path-averaged  C2n. 

Recently,  Clifford  et  al.5  developed  an  equation  for  the 
log-amplitude  covariance  function  in  strong  Kolmogorov 
turbulence,4  i.e., 


1/6  sm2y 


Cx(p) 

=  2.94    fl  dii(j2T(u)[u(l  -  u)]5'6    f"  dyy-1 

Xexpj-^Ml  -u)}V6F(y)\J0\[4iryu/(l  -  u)\^2p\,     (7) 

where  a2T(u)  =  0.124  fe^L11'6  C2n(u),  u  =  z/L  is  the  normal- 
ized path  position,  p  is  the  separation  between  two  detectors 
in  Fresnel  zones  (XL)1/2(  J0  is  the  zero-order  Bessel  function 
of  the  first  kind,  and  F(y )  is  given  by 

F(y)  =  7.02  y5/6    f"  d%  r8/3U  -  ^o(l)f-  (8) 

Jo.ly 

Equation  (7)  can  be  written  in  a  more  convenient  form: 


<Jt  — 


=  jT    dzCUz)W(z), 


(4) 


z/L 
FIG.  1 .     The  effect  of  the  microscale  on  the  weighting  function  of  a  point 
transmitter  and  detector  system. 
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Cx(p)  =  §l  duC%(u)W(u), 


(9) 


where 


W(u)  =  0.365  *7«L»*[u(l  -  u)]6/6 


X  So"dy  B{u,y)J°  U4nryw/(1  -  u)F2p|,     (10) 


and 


g(u,y)  =  y~im  sin2y  exp  |-<r2r[u(l  -  u)]^F{y)\.   (11) 

Equation  (11)  differs  from  the  first-order  scattering  theory 
by  only  the  exponential  term.  For  weak  turbulence  this  term 
can  be  neglected.  Figure  2  illustrates  the  C2-weighting 
functions  as  calculated  from  Eq.  (10)  for  a\  ranging  from  0.1 
to  5.  The  C2  calibration  of  the  instrument  is  proportional  to 
the  area  under  the  curves.  For  small  values  of  aj  ( <0.1),  the 
weighting  function  agrees  with  that  calculated  from  first-order 
theory  (see  solid-line  curve  in  Fig.  1).  The  change  in  shape 
of  the  weighting  function  and  the  decrease  in  area  under  the 
curve  are  pronounced  at  larger  values  of  erf-;  this  can  be  ex- 
plained by  noting  that  the  most  effective  size  of  the  turbulent 
eddies  varies  from  Fresnel-zone  size  in  the  weak  turbulence 
case  to  wave-coherence  length6  in  strong  turbulence.  One  way 
to  avoid  the  change  of  weighting  function  and  calibration  is 
to  devise  an  optical  system  that  avoids  observing  the  Fres- 
nel-zone-size  eddies.  A  system  with  spatially  incoherent 
transmitter  and  receiver  optics  more  than  a  Fresnel  zone  in 
diameter  satisfies  this  requirement7  because  it  biases  the  re- 
fractive-turbulence weighting  toward  larger  sizes. 

To  generalize  Eqs.  (9)  and  (10)  to  the  case  of  finite  circular, 
incoherent  transmitting  and  receiving  apertures,  the  essential 
modification  of  the  theory  is  to  replace  g(u,y)  with7 

f2Ji\[ryu/(l  -  u)]1/2  ■ 


g'(u,y)  =  g{u,y)  (- 


ar\\' 


[*yu/(l-u)]"><» 

„  /  2Ji\[wy(l  -u)/u]1/2at|\2 


)■ 


[wy{l  -  u)/u]™  at 

where  ar  and  at  are,  respectively,  the  diameters  of  the  receiver 
and  transmitter  normalized  to  a  Fresnel  zone  for  the  optical 
path.  To  see  what  sizes  of  at  and  ar  are  required  so  that 
saturation  effects  may  be  ignored,  we  rewrite  Eq.  (12)  as 

g'(u,y)  =  y~11/6  sin2yA,  (13) 


1.0 


C\JC 

O 


//^                 erf  =2.0                  ^\ 

K—-.         0-2=5.0         Z-—a 

V                                                                                                                    N 

0.5 
z/L 


1.0 


FIG.  2.     The  effect  of  saturation  of  scintillation  on  the  weighting  function 
of  a  point  transmitter  and  detector  system,  where  a\  —  0.124  k7'6  L11/e 


335         J.  Opt.  Soc.  Am.,  Vol.  68,  No.  3,  March  1978 


where 
A  =  exp 


/-F(y)\  /2Ji[(y/y,)I/2]\a 
\F(ya))\     (ylyr)m     ) 

x  /2Jx[(y/yt)^]x2 
X(    (ylyt)^    )'     (H) 
yr  =  (1  -  u)laUu,  (15) 

yt  =  u/[a?ir(l  -  u)],  (16) 


and 


F(y.)  =  l4[«(l-«)]5/8|- 


(17) 


F(y) 


(18) 


Clifford  and  Yura6  gave  an  asymptotic  expression  for  both  y 
<  1  and  y  >  1,  i.e., 

[7.9y5/6       if    y  <  1 
|7.9v-5/6    ^    y  >  1  " 

In  obtaining  Eq.  (18),  we  use  the  value  of  the  cutoff  a  =  0.685 
(see  Ref.  6  for  details).  Equation  (18)  indicates  that  the 
maximum  value  of  F(y)  is  7.9.  If  F(ys)  »  7.9  in  Eq.  (14),  the 
exponent  is  always  small  compared  with  unity.  Hence  the 
saturation  effect  can  then  be  ignored.  It  can  easily  be  shown 
that  for  a\  <  0.3,  F(ya)  »  7.9.  In  this  case,  the  first-order 
scattering  theory  is  adequate.  This  conclusion  agrees  with 
observations.5  For  F(ya)  <  7.9,  the  saturation  effect  will  be 
important  if  the  exponent  is  larger  than  unity  for  the  most 
important  region  of  integration  over  y.  If  we  assume  that 
either  yr  or  yt  is  less  than  one  throughout  the  range  of  u  in- 
tegration, the  region  for  which  y  makes  a  significant  contri- 
bution over  the  integration  of  y  is  y  <  1.  In  this  case,  F(y )  can 
be  approximated  by  7.9y5/6.  There  are  three  scale  sizes  ys, 
yr,  and  yt  in  Eq.  (14).  The  term  containing  the  smallest  of 
them  has  the  largest  contribution  to  the  covariance.  Hence, 
ify*  >yrorys  >  yt,  i.e., 

0.084  ((%)-*'*>  u~Hl  -  u)~l  >(1  -  u)/(a2iru)     (19a) 


0.084  (^r)-6'5  u"Hl  -  ")_1  >  u/[o?ir(l  -  u)],    (19b) 

the  contribution  of  the  exponential  term  can  be  ignored.  In 
other  words,  the  first-order  scattering  theory  is  adequate. 
Rearranging  Eq.  (19),  we  have 


or 


ar  >  1.95(<4)3/5(1  -  u) 


at  >  l.95(a2T)3'5  u. 


(20a) 


(20b) 


The  inequalities  in  Eq.  (20)  depend  on  path  position  u. 
However,  if  we  combine  the  two  inequalities,  we  obtain 


ar  +  at>  1.95(<72r)3/5. 


(21) 


Equation  (21)  illustrates  that  for  a  sufficiently  large  size  of 
transmitting  aperture  or  receiving  aperture,  there  will  be  no 
saturation  effect  even  in  strong  integrated  turbulence.  The 
weighting  function  and  the  calibration  will  remain  unchanged 
in  both  weak  and  strong  refractive  turbulence.  For  all  the 
following  calculations,  we  assume  that  Eq.  (21)  is  always  sat- 
isfied, hence  the  exponential  term  in  Eq.  (14)  is  ignored. 

Besides  getting  rid  of  the  saturation  problem,  there  are 
—-  other  advantages  of  using  large  incoherent  transmitting 
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z/L 

FIG.  3.     The  effect  of  the  mlcroscale  on  a  finite  transmitter  and  detector 
system  [O,  =  Dr  =  4<XL)V2]. 


J/D 

FIG.  5.  The  C?„  weighting  versus  the  eddy  size  normalized  to  the  receiver 
aperture  size.  Solid-line:  for  single  detector.  Dashed-line:  for  two 
equal-aperture  tangent  detectors. 


and  receiving  apertures.  Because  only  the  large  eddy  sizes 
will  contribute  to  the  measurements,  the  effect  of  inner  scale 
length  is  small.  Figure  3  illustrates  this  point.  For  both  the 
transmitting  and  receiving  apertures  equal  to  four  Fresnel 
zones  the  path-weighting  function  is  plotted  for  Iq  =  0  (solid 
line)  and  for  Z0  =  0.435  (XL)1/2  (dashed  line).  The  change  with 
lo  as  shown  in  the  point-source  and  point-detector  case  (see 
Fig.  1)  is  diminished.  Hence  the  measurements  of  path- 
averaged  C2  will  be  nearly  independent  of  the  microscale  when 
both  transmitter  and  receiver  are  large.  Another  advantage 
is  that  by  changing  the  ratio  of  the  transmitting-to-receiving 
apertures,  we  can  change  the  shape  of  the  path-weighting 
function.  For  Dt  =  4(XL)1/2,  and  varying  Dr  from  1.28  (XL)1/2 
to  9.52  (AL)1/2,  the  path-weighting  function  is  shown  in  Fig. 
4.  For  large  detector  size,  the  weighting  function  moves 
toward  the  transmitter  end.  Although  the  path  resolution 
is  broad,  it  is  possible  to  profile  C2  along  the  path  by  this 
technique.  . 

One  more  advantage  is  that  the  calibration  is  relatively 
simple  for  different  pathlengths  or  different  sized  apertures. 
For  fixed  transmitting  and  receiving  aperture  ratios,  C2  can 
be  obtained  by 


C2n  =  Ca2xD]/3L-3, 


(22) 


where  <r2  is  the  log-amplitude  variance,  Dt  is  the  transmitting 
aperture  in  meters,  L  is  the  pathlength  in  meters,  C2  is  in 
m-2/3,  and  C  is  a  calibration  constant  that  is  only  a  function 
of  the  ratio  of  the  receiving  aperture  to  the  transmitting  ap- 
erture. For  the  case  of  equal  receiving  and  transmitting  ap- 
ertures, C  =  4.48. 


For  measurement  purposes,  there  are  advantages  in  using 
the  difference  of  the  signals  detected  by  two  receiving  aper- 
tures instead  of  the  single-aperture  technique  described  above. 
The  advantages  arise  from  the  fact  that  any  noise,  whether 
atmospherically  or  electrically  induced,  that  is  common  to 
both  apertures  will  be  removed  by  the  subtraction  process. 
For  the  case  of  two  circular  tangential  detectors,  the  calcula- 
tion of  the  calibration  factor  and  the  path-weighting  function 
are  straightforward.  For  equal  transmitting  and  receiving 
apertures  (Dt  =  Dr  =  D),  we  obtain 


Cl  =  0.689 


(Ua-Ib)2) 
72 


£)7/3L-3> 


(23) 


FIG.  4.     The  path-weighting  function  for  different  receiving  aperture  di- 
ameters. 


where  I  a  and  Ib  are  the  intensities  detected  by  the  two  de- 
tectors, and  7  is  the  average  intensity.  In  Eq.  (23)  and  Eq.  (24) 
to  follow,  we  assume  that  the  relative  scintillation  level  ( (I a 
—  Ib)2)/!2  is  sufficiently  small,  because  of  aperture  averaging, 
and  that  this  quantity  is  linearly  related  to  tr2,.  The  path- 
weighting  function  is  also  changed;  however,  the  peak  moves 
only  a  small  percentage  of  the  path  toward  the  receiving  end. 
We  will  call  this  method  the  differential  method  in  the  fol- 
lowing discussion. 

It  is  known1-3  that  for  a  point  transmitter  and  detector  the 
most  effective  eddy  sizes  are  on  the  order  of  a  Fresnel-zone 
size.  For  aperture  sizes  larger  than  Fresnel  zone,  the  refrac- 
tive-turbulence weighting  is  biased  toward  larger  sizes.  As- 
suming a  Kolmogorov  spectrum,  for  equal  transmitting  and 
receiving  apertures,  we  obtain  the  relative  weight  for  C2  as  a 
function  of  the  eddy  size  normalized  to  the  aperture  size  as 
shown  in  Fig.  5.  The  solid  line  is  for  a  single  receiver,  the 
dashed  line  represents  the  result  of  the  differential  method 
using  two  detectors.  Both  of  them  are  peaked  at  a  scale  size 
of  the  order  of  D;  however,  the  differential  method  gives  much 
better  rejection  for  larger  eddy  sizes  as  demonstrated  by  the 
more  rapid  fall-off  of  the  dashed  curve  for  l/D  >  1. 

III.     IMPLEMENTATION 

Experiments,  performed  over  flat  terrain  at  the  Wave 
Propagation  Laboratory  Table  Mountain  Field  Station  near 
Boulder,  Colorado,  confirm  the  theory.  The  light  sources 
used  were  frosted  quartz-iodine  incandescent  bulbs  placed 
at  the  focus  of  concave  spherical  mirrors,  and  the  receivers 
used  concave  spherical  mirrors  with  photodiodes  placed  at  the 
focus.  The  light  source  must  be  both  incoherent  and  uni- 
formly illuminated  across  its  aperture.    While  there  was  no 
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C„  (Temp) 

FIG.  6.  Measurements  of  (?„  (m~i/3)  obtained  from  the  saturation-resistant 
optical  scintillometer  vs  (?„  derived  from  a  differential  thermometer  placed 
at  the  center  of  a  500  m  optical  path  1 .5  m  above  the  ground.  Each  point 
is  a  5  mln  average.  Transmitting  and  receiving  apertures  were  15  cm  in 
diameter;  the  differential  thermometers  were  separated  20  cm  in  the  vertical 
direction. 


problem  with  coherence,  we  found  it  necessary  to  frost  the 
bulb  to  obtain  sufficiently  uniform  illumination. 

Measurements  were  first  made  using  a  15-cm-diam  trans- 
mitter and  receiver,  on  an  optical  path  500  m  long,  and  1.5  m 
above  the  ground.  Over  the  path  lengths  and  apertures  for 
which  inequality  (21)  applies,  Eq.  (22)  may  be  rewritten  in 
terms  of  a  fractional  variance  of  irradiance  /  as 


CS  =  - 


cai-m 


CD2 


D""3L-3. 


(24) 


In  this  form,  background  light,  as  long  as  it  does  not  fluctuate 
rapidly,  does  not  interfere  with  the  measurement  The  initial 
calibration  must  of  course  be  made  in  a  way  that  does  not  af- 
fect the  measurement  of  /.  Values  of  C2,  were  calculated  from 
Eq.  (24)  and  compared  with  values  of  C2,  derived  from  high- 
speed differential  thermometers  separated  20  cm  vertically 
and  placed  at  the  center  of  the  optical  path.8  The  results  are 
shown  in  Fig.  6  where  each  data  point  represents  a  5  min  av- 
erage.  A  substantial  part  of  the  upper  portion  of  the  plot  lies 


MST   2/24/77 

FIG.  7.  Comparison  of  C*„  (/n~2/3)  measurements  made  with  the  satura- 
tion-resistant optical  scintillometer  and  with  a  laser  scintillometer  on  a  500 
m  optical  path  1.5m  above  the  ground.  Each  point  Is  a  5  mln  average.  The 
differential  saturation-resistant  system  used  15  cm  diameter  optics;  the  laser 
system  used  a  spherical  wave  front  which  Irradiated  a  1-mm-dlam  receiving 
aperture. 


in  the  region  where  saturation  of  scintillation  would  have 
occurred  using  a  laser  scintillometer. 

While  the  agreement  with  the  thermometer  measurements 
is  quite  good,  considerable  care  must  be  taken  to  insure  that 
the  light  source  and  receiver  are  solidly  mounted  and  that 
there  is  no  fluctuating  background  light  in  the  receiver  field 
of  view.  One  way  to  substantially  reduce  these  effects,  as 
mentioned  above,  is  to  take  the  difference  of  two  tangent 
apertures.  In  this  case,  Eq.  (23)  defines  the  calibration  factor, 
and  the  data  in  Figs.  7  and  8  illustrate  the  performance  of  the 
differential  technique.  In  Fig.  7  we  compare  a  measurement 
of  C\  obtained  from  a  differential  saturation-resistant  system 
using  15  cm  apertures  with  C2n  values  obtained  from  a  laser 
scintillometer;  5  min  averages  are  plotted.  The  laser  system 
provided  a  spherical  wave  front  that  irradiated  a  1-mm-diam 
aperture  observed  by  a  photomultiplier  tube.  The  refrac- 
tive-index structure  parameter  C2  was  calculated  from  Eq. 
(3).  No  correction  was  made  for  microscale  effects.  The  laser 
system  is  clearly  in  saturation  (corresponding  to  <rj  =  0.5  to 
0.6)  until  about  1500.  After  this  time  both  systems  are  in 
reasonable  agreement. 

Differential  saturation -resistant  optical  scintillometers  with 
different  aperture  diameters  and  pathlengths  were  compared 
in  a  final  experiment  to  verify  the  relationships  expressed  in 
Eqs.  (23)  and  (24).  We  have  plotted  1  h  averages  in  Fig.  8  and 
all  paths  are  1.5  m  above  the  ground.  The  solid  line  repre- 
sents data  obtained  from  the  system  using  15  cm  apertures  on 
a  500  m  path.  The  dotted-line  data  to  the  left  of  the  break  in 
the  graph  were  obtained  using  7.5  cm  apertures  on  a  parallel 
500  m  path;  to  the  right  of  the  break,  the  dotted-line  data  is 
from  7.5  cm  apertures  on  a  250  m  path  also  parallel  to  the  500 
m  path.  Some  differences  are  expected  since  the  scale  sizes 
observed  differ  by  a  factor  of  2,  and  in  addition,  for  the 
pathlength  comparison,  the  light  paths  are  parallel  over  only 
one-half  of  the  500  m  path.  However,  it  is  apparent  that 
conditions  were  quite  uniform  over  the  region  of  the  test,  and 
the  refractive  turbulence  closely  approximated  a  Kolmogorov 
spectrum,  as  the  data  averages  differ  by  less  than  5%. 

Both  single-aperture  and  differential-aperture  measure- 
ments of  C2  were  made  over  the  period  of  time  shown  in  Fig. 
8.  Both  methods  gave  results  within  4%  for  data  to  the  left 
of  the  break.   For  data  to  the  right,  the  7.5-cm-diam  aperture 
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FIG.  8.  Comparison  of  differential  saturation-resistant  optical  scintillo- 
meters of  different  path  lengths  and  aperture  diameters.  Each  point  Is  a 
1  h  average  and  all  paths  are  1 .5  m  above  the  ground.  The  solid  line  rep- 
resents data  obtained  from  the  system  using  15  cm  apertures  on  a  500  m 
path.  The  dotted  line  data  to  the  left  of  the  break  In  the  graph  was  obtained 
using  7.5  cm  apertures  on  a  parallel  500  m  path;  to  the  right  of  the  break, 
the  dotted  line  data  is  from  7.5  cm  apertures  on  a  250  m  path  also  parallel 
to  the  500  m  path.    The  data  averages  differ  by  less  than  5% . 
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measurements  became  more  than  10  times  the  differentiated 
ones  because  high  winds  were  vibrating  the  light  source.  We 
conclude  that  the  differential  technique  minimizes  such 
sources  of  noise. 

IV.     CONCLUSIONS 

This  paper  demonstrates  that  an  optical  instrument  for 
measuring  C2„  can  be  designed  to  perform  satisfactorily  even 
in  the  case  of  strong  or  saturated  refractive  turbulence.  By 
using  relatively  large  apertures  on  both  the  incoherent 
transmitters  and  receivers,  the  optical  scintillometer  main- 
tains its  calibration  and  path-weighting  function  throughout 
the  range  of  expected  C„  values.  By  using  a  differential 
technique  we  minimize  the  ambient  noise  observed  by  both 
detectors,  rendering  the  instrument  insensitive  to  problems 


such  as  wind-induced  mount  fluctuations  and  fluctuating 
background  light. 
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ABSTRACT 

Profiles  of  atmospheric  temperature  and  water  vapor  derived  from  ground-based  microwave  radio- 
metric measurements  are  compared  with  concurrent  rawinsonde  profiles  including  both  clear  and  cloudy 
cases.  Accuracies  of  the  temperature  profiles  including  the  cloudy  cases  are  quite  close  to  predicted 
accuracies.  Mean  virtual  temperatures  between  commonly  used  pressure  levels  are  also  compared  and 
resulting  rms  accuracies  are  1.1,  1.6,  2.0  and  2.8°C  for  the  1000-850,  850-700,  700-500  and  500-300  mb 
layers,  respectively.  The  microwave  technique  is  potentially  useful  in  applications  requiring  high  time 
resolution  or  in  data-sparse  regions  of  the  oceans  that  might  be  covered  by  an  ocean  data  buoy  system. 


1.  Introduction 

Thermal  radiation  from  the  atmosphere  at  micro- 
wave frequencies  originates  primarily  from  oxygen, 
water  vapor  and  liquid  water,  and  depends  on  their 
temperature  and  spatial  distribution.  For  a  well-mixed 
gas  such  as  oxygen,  and  given  the  surface  pressure, 
the  radiation  contains  information  primarily  on  the 
atmospheric  temperature.  It  is  thus  possible  to  infer 
temperature  structure  from  surface-based  radiation 
measurements  in  the  60  GHz  oxygen  absorption  com- 
plex. These  measurements  are  "contaminated"  by 
radiation  from  water  vapor  and  especially  from  cloud 
liquid.  Hence  improved  accuracy  and  operation  during 
cloudy  conditions  are  possible  if  measurements  are 
also  made  of  radiation  from  these  constituents  at 
frequencies  outside  the  oxygen  band.  In  addition  to 
their  use  in  temperature  profiling  these  observations 
can  be  used  to  infer  line  integrals  of  water  vapor  and 
cloud  liquid.  In  some  cases  vapor  profile  information 
can  also  be  obtained. 

Previous  field  experiments  (Hosier  and  Lemmons, 
1972;  Miner  et  al,  1972;  Snider,  1972;  Westwater 
et  al.,  1975;  Gurvich  and  Yershov,  1976)  demonstrated 
that,  under  clear  conditions,  smoothed  features  of 
vertical  temperature  profiles  can  be  recovered.  West- 
water  et  al.  (1976)  used  a  computer  simulation  to 
examine  the  feasibility  of  sensing  temperature  profiles 
from  ocean  data  buoys.  This  study  presented  methods 
for  correcting  measurements  for  the  radiation  from 
clouds  and  water  vapor,  and  concluded  that  useful 
data  could  be  obtained  under  both  clear  and  cloudy 
conditions.  As  a  further  step  in  this  evaluation  a  series 
of  field  experiments  has  been  carried  out  jointly  by 
NOAA  and  the  Jet  Propulsion  Laboratory.  The  pur- 


pose of  these  experiments  was  to  confirm  our  ability 
to  predict  accuracies  of  radiometrically  derived  tem- 
perature profiles  for  a  known  season  and  geographical 
locations,  especially  under  cloudy  conditions.  We 
present  here  a  comparison  of  88  simultaneous  rawin- 
sonde and  radiometer  temperature  and  water  vapor 
profiles.  Clouds  were  present  in  54  of  these  cases  and 
the  cloud-correction  techniques  are  shown  to  reduce 
the  temperature  profile  errors  very  nearly  to  those 
expected  in  the  clear-sky  cases. 

2.  Experiment  description 

Measurements  were  made  at  the  Pacific  Missile 
Test  Center  (PMTC),  Pt.  Mugu,  California,  during 
the  periods  24  February-17  March  and  16-30  July 
1976.  The  21  profiles  analyzed  for  the  first  period 
were  all  under  essentially  clear  skies;  16  of  22  profiles 
during  the  second  period  were  classified  as  cloudy. 
A  more  severe  environmental  test  was  made  aboard 
the  Canadian  Ship  Quadra  at  Ocean  Station  P  in  the 
Gulf  of  Alaska  from  15  February-26  March  1977. 
Of  the  45  profiles  from  this  location  35  were  cloudy. 

The  microwave  radiometer,  operated  by  personnel 
from  the  Jet  Propulsion  Laboratory,  is  similar  to  that 
used  on  the  Nimbus  6  satellite  (Staelin  et  al.,  1975). 
It  has  three  channels  in  the  oxygen  absorption  band 
at  52.85,  53.85  and  55.45  GHz,  one  channel  in  the 
water  vapor  absorption  line  at  22.235  GHz,  and  a 
window  channel  at  31.65  GHz.  The  radiometer  was 
operated  in  an  angular  scan  mode  over  ±45°  from 
the  zenith  in  steps  of  7.5°.  Dwell  time  at  each  zenith 
angle  is  1  s  with  the  sequence  being  repeated  ap- 
proximately once  each  minute.  The  antennas  also  scan 
temperature-controlled  targets  which  are  used  together 
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with  the  angular-scan  data  for  calibration  purposes. 
Although  radiation  from  the  various  zenith  angles 
could  be  used  in  retrieving  atmospheric  profiles,  we 
have  restricted  ourselves  to  zenith-pointing  data  be- 
cause of  the  difficulty  in  correcting  for  buoy  motion 
in  an  operational  system.  In  general,  18  to  24  of  the 
measurements  at  1  min  intervals  were  averaged  to 
give  the  radiation  data  used  in  retrieval  of  profiles. 
In  addition  to  the  five  channels  of  radiometric  data, 
surface  measurements  of  temperature,  pressure  and 
relative  humidity  available  from  regular  rawinsonde 
launch  procedures  were  used  in  our  profile  retrievals. 
Rawinsondes  used  for  comparison  purposes  were 
routine  launches  by  personnel  of  the  PMTC  for  the 
Pt.  Mugu  measurements  and  by  personnel  of  the 
Quadra  for  the  Gulf  of  Alaska  measurements.  The 
radiometers  were  at  the  rawinsonde  release  location 
in  all  cases.  Radiometric  measurements  began  at 
rawinsonde  release  time  in  all  but  three  cases;  in  these 
three  instances  (aboard  the  Quadra)  time  differences 
were  less  than  1  h. 

3.  Analysis 

Statistical  retrieval  algorithms  have  been  used  ex- 
tensively to  extract  temperature  profiles  from  both 
microwave  (Waters  et  al.,  1975;  Westwater  et  al., 
1975;  Yershov  et  al.,  1975)  and  infrared  (Smith  et  al., 
1970;  Rodgers,  1970)  radiation  measurements.  These 
algorithms  also  predict  retrieval  accuracies  if  realistic 
estimates  of  measurement  uncertainties  are  known. 

Previous  experiments  have  used  thermal  emission 
in  the  oxygen  complex  under  clear-sky  conditions  to 
determine  temperature  profiles.  Cloud  emission,  how- 
ever, can  introduce  non-negligible  departures  from  the 
corresponding  emission  from  clear  air  for  the  upward- 
looking  case.  Microwave  emission  below  about  45  GHz 
is  insensitive  to  temperature  structure  and  depends 
strongly  on  water,  so  measurements  at  the  lower  fre- 
quencies may  be  used  to  correct  for  the  effects  of 
clouds.  Since  the  lower  frequency  emission  depends 
on  both  water  vapor  and  liquid  water,  two  frequencies 
are  required.  As  described  by  Westwater  et  al.  (1976), 
our  technique  is  to  estimate  the  equivalent  clear  air 
radiation  from  the  cloudy  measurements  both  within 

Table  1.  Brightness  temperature  bias  adjustments. 

Frequency  (GHz)  22.235        31.65         52.85         53.85         55.45 

Pt.  Mugu,  Feb-Mar  1976  (n  =  U) 

Bias  (K)  -2.8  -1.7         -0.2         -0.1       +1.2 

Standard  deviation  (K)  2.2  0.7  1.5  0.7  0.5 

Pt.  Mugu,  July  1976  (*  =5) 

Bias  (K)  -4.0  +0.1  -2.3  -3.8       +1.2 

Standard  deviation  (K)  1.7  1.1  0.8  1.6  0.4 

Gulf  of  Alaska,  Feb-Mar  1977  (n  =  10) 

Bias  (K)  -1.6  -1.0         +1.1         -0.1       -1.0 

Standard  deviation  (K)  2.5  1.6  1.1  0.6  0.4 


and  outside  the  oxygen  band.  Similar  work  has  been 
published  by  Fowler  et  al.  (1975).  In  a  procedure 
identical  to  our  commonly  used  profile  retrieval 
algorithm,  we  use  an  eight-element  data  vector  con- 
sisting of  the  five  cloudy  radiation  measurements  and 
surface  temperature,  pressure  and  relative  humidity 
(and  perhaps  higher  order  products  of  these  quanti- 
ties) as  a  minimum  variance  estimator  of  the  equiva- 
lent clear  air  radiation  for  the  five  radiometer  channels. 
In  this  algorithm  the  statistical  ensemble  is  repre- 
sentative of  cloudy  atmospheres  only.  The  resulting 
data  sets  representing  equivalent  radiation  from  a 
clear  sky  may  then  be  used  in  an  inversion  algorithm 
constructed  from  a  statistical  ensemble  of  clear  profiles 
to  retrieve  temperature  and  water  vapor  profiles.  The 
equivalent  clear  sky  radiation  may  be  used  with  an 
effective  noise  level  different  from  that  used  with 
measurements  under  clear  sky  conditions,  depending 
on  frequency  and  the  range  of  liquid  water  thickness 
present  in  the  cloud  ensemble.  In  using  the  above 
algorithm  we  assume  that  it  is  known  whether  or  not 
clouds  are  present.  This  initial  categorization  is  made 
by  using  the  same  eight-element  data  vector  as  above 
to  determine  the  integrated  amounts  of  liquid  water 
and  wilier  vapor.  The  measurement  is  classified  as 
cloudy  if  the  inferred  liquid  amount  exceeds  some 
threshold,  usually  taken  to  be  an  integrated  thickness 
of  20  /mi.  The  statistical  ensemble  upon  which  this 
algorithm  is  based  includes  a  representative  sample 
of  both  clear  and  cloudy  profiles. 

In  summary,  our  analysis  uses  statistical  retrieval 
algorithms  1)  to  determine  the  integrated  amount  of 
cloud  liquid  and  water  vapor,  and  thus  categorize  the 
sky  at  the  time  of  measurement  as  clear  or  cloudy; 
2)  to  estimate,  for  cloudy  cases,  the  equivalent  radia- 
tion from  the  clear  atmosphere;  and  3)  to  retrieve 
temperature  and  water  vapor  profiles. 

To  eliminate  biases  that  might  arise  from  the  in- 
struments or  from  incorrect  absorption  coefficients,  we 
forced  averages  of  measured  and  calculated  brightness 
temperatures  for  a  sample  of  clear  sky  cases  to  agree. 
The  brightness  temperature  calculations  were  made 
using  contemporary  absorption  models  and  assuming 
the  rawinsonde  profiles  were  correct.  Since  different 
instruments  were  used  in  the  three  experimental  runs, 
the  corrections  were  made  separately  for  each  run. 
From  11  clear  cases  in  the  first  run,  5  in  the  second 
and  10  in  the  third,  the  bias  adjustments  listed  in 
Table  1  were  calculated  and  applied  to  radiometric 
data  of  each  run.  These  cases  are  included  in  the 
statistical  summaries  presented  later.  The  standard 
deviations  after  the  biases  have  been  subtracted  are 
also  included  in  Table  1. 

4.  Cloud  models 

Construction  of  algorithms  of  the  previous  section 
require  representative  ensembles  of  cloud  conditions,  in- 
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Fig.  1.  Cloud  thickness-liquid  density  models  used  in  thermal 
emission  simulations. 

eluding  realistic  statistical  distributions  of  base  height, 
thickness,  liquid  water  content,  temperature,  etc.  Our 
ensembles  were  obtained  by  inserting  clouds  into  our 
a  priori  set  of  rawinsonde  data  if  at  any  point  the 
relative  humidity  exceeded  95%.  Base  heights  were 
taken  to  be  the  (interpolated)  levels  at  which  the 
humidity  first  exceeded  95%  and  thicknesses  were 
determined  using  the  points  at  which  the  humidity 
dropped  below  95%.  Some  profiles  will  contain  two 
or  more  cloud  layers.  Since  liquid  density  is  not 
measured  by  rawinsondes,  completion  of  our  ensemble 
required  modeling  of  this  parameter.  We  assumed 
that  the  liquid  density  within  a  given  cloud  was 
constant  with  height.  For  each  cloudy  rawinsonde 
profile  we  picked  three  values  of  density,  one  from  each 
of  the  cloud  thickness-liquid  density  models  of  Fig.  1. 
These  models  cover  a  reasonable  range  of  observed 
liquid  densities  for  non-precipitating  clouds,  and 
restrict  thin  clouds  to  low  densities.  Each  rawinsonde 
profile  with  relative  humidity  above  95%  was  there- 
fore used  to  generate  four  profiles — a  clear  case, 
and  three  cases  with  different  liquid  densities.  West- 
water  et  al.  (1976)  show  the  resulting  distributions 
of  cloud  parameters  for  five  ocean  weather  stations. 
The  wide  range  of  variation  of  these  parameters 
provides  a  stringent  test  of  our  hypothesis  that  we 
can  correct  for  clouds  without  knowledge  of  the 
details  of  cloud  structure.  The  study  shows  that  the 
accuracy  to  which  clear  air  emission  can  be  inferred 
from  a  set  of  cloud-contaminated  emission  measure- 
ments closely  approaches  the  instrumental  noise  level 


for  frequencies  above  54  GHz.  Below  this  frequency 
the  effective  noise  level  increases  and  should  be  con- 
sidered in  assigning  errors  to  the  statistical  ensemble 
used  for  generating  the  profile  retrieval  algorithms. 

Statistical  ensembles  of  atmospheric  profiles  for  the 
PMTC  February-March  experiment  reported  in  this 
paper  are  derived  from  archived  Pt.  Mugu  rawin- 
sondes for  the  two  3-month  periods  February-March- 
April  of  1973  and  1974.  June-July-August  data  for 
the  same  years  are  used  for  the  second  experimental 
period.  February-March-April  data  of  1966  and  1967 
from  Ocean  Station  P  are  used  for  the  third  period. 

5.  Results 

Examples  of  retrieved  temperature  and  water  vapor 
profiles  are  shown  in  Fig.  2.  Height  on  the  vertical 
scale  is  given  in  pressure  difference  from  the  surface. 
Note  that  a  pressure  difference  of  100  mb-  corresponds 
to  a  geometrical  height  of  about  0.9  km,  300  mb  to 
3  km,  500  mb  to  5.6  km  and  800  mb  to  12  km.  Point 
values  are  retrieved  at  10  mb  increments  in  these 
profiles. 

These  examples  indicate  the  characteristic  smoothing 
of  the  radiometric  profiles,  especially  for  elevated 
temperature  structure  and  for  water  vapor  at  all 
heights.  We  note  that  this  system  is  not  designed 
specifically  for  water  vapor  profile  retrieval.  Radio- 
metric data  for  the  examples  on  16  and  22  July  indi- 
cated that  clouds  were  present  with  equivalent  liquid 
thickness  of  150  and  327  jum,  respectively.  Clouds 
with  this  liquid  amount  contribute  significantly  to 
radiation  in  the  radiometric  channels  other  than  that 
at  55.45  GHz. 

Fig.  3  shows  the  theoretical  accuracies  (curves  with 
prefix  T)  in  profile  retrieval  expected  for  the  ap- 
propriate clear  sky  climatology  and  an  rms  instrument 
accuracy  of  1  K  together  with  the  achieved  accuracies 
during  the  three  experimental  periods  (curves  with 
prefix  E).  The  rms  error  in  retrieved  profiles  is  taken 
to  be  the  rms  difference  between  the  rawinsonde 
values  and  the  radiometrically  retrieved  values.  Thus, 
we  assume  that  there  are  no  errors  in  the  rawinsonde 
measurements.  Curves  labeled  T3  are  the  theoretical 
accuracies  expected  if  the  mean  of  the  a  priori  statis- 
tical ensemble  is  used  as  the  predictor  of  all  profiles, 
i.e.,  no  measurement  is  made.  This  then  is  the  stan- 
dard deviation  of  the  a  priori  ensemble  about  its 
mean.  Curves  E3  are  the  corresponding  experimentally 
observed  quantities,  i.e.,  the  rms  difference  between 
the  a  priori  mean  and  the  rawinsonde  profiles  for  the 
experimental  cases.  If  surface  values  of  temperature, 
pressure  and  relative  humidity  are  used  as  predictors 
some  improvement  in  accuracy  over  the  a  priori  mean 
may  be  obtained  as  indicated  by  the  curves  labeled 
T2  and  E2.  Finally,  accuracies  predicted  and  actually 
observed  when  the  full  data  set  of  five  radiometric 
channels  and  three  surface  quantities  are  used  are 
given  by  the  curves  labeled  Tl  and  El. 
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2.  Examples  of  retrievals  of  temperature  and  water  vapor  profiles.  Solid  lines,  rawinsonde;  dashed  lines, 

radiometer. 


This  analysis  shows  that  the  achieved  temperature 
profile  accuracies  are  quite  close  to  the  theoretical 
prediction  of  accuracy.  Temperature  variations  during 
the  February-March  experimental  period  at  Pt.  Mugu 
were  larger  than  in  the  a  priori  sample  as  indicated 
by  curve  E3  of  Fig.  3a,  but  this  variance  was  reduced 
to  the  predicted  value  as  shown  by  curve  El.  On  the 
other  hand,  temperature  variations  during  the  PMTC 
July  period  were  quite  small,  and  except  for  heights 
near  100  mb  above  the  surface  there  is  little  improve- 
ment over  the  a  priori  mean.  This  experimental  period 
did  have  clouds  during  many  of  the  measurements 
and  provided  a  test  of  our  cloud-correction  algorithm. 
These  clouds  were  generally  low-level  stratus  with 
integrated  liquids  inferred  from  the  radiometric  mea- 
surements ranging  from  about  100  to  300  /xm;  Fig.  4 
illustrates  the  improvement  in  retrieval  accuracies, 
the  curves  being  similar  to  the  El  curves  of  Fig.  3b. 
It  is  evident  that  without  the  correction  for  clouds 
there  would  be  a  substantial  increase  in  error  and 


that  the  correction  algorithm  effectively  eliminates 
this  error. 

The  third  experimental  period  in  the  Gulf  of  Alaska 
also  included  a  large  fraction  of  cloudy  cases  with 
line  integrals  of  liquid  up  to  about  900  Mm.  The  ac- 
curacies achieved  during  the  experimental  period  shown 
in  Fig.  3c  agree  with  the  predicted  values  up  to  500  mb 
pressure  difference  from  the  surface,  but  are  somewhat 
larger  at  heights  just  above  this  as  shown  by  curve  El. 

In  each  of  the  three  experimental  periods  the  tem- 
perature error  curves  imply  that  significant  informa- 
tion is  obtained  at  altitudes  well  above  the  500  mb 
pressure  difference,  including  altitudes  above  the 
tropopause.  However,  it  is  likely  that  this  is  a  result 
of  the  correlation  of  these  temperatures  with  those 
at  lower  levels  and  hence  the  temperature  informa- 
tion at  the  higher  levels  would  not  be  reliable  in 
statistically  anomalous  situations.  This  is  also  evident 
from  the  shape  of  the  temperature  weighting  functions 
for    these    frequencies   which    are    maximum    at    the 
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Fig.  3a.  Comparison  of  theoretically  predicted  and  experimentally  observed  accuracies  of  temperature  and 
water  vapor  profiles  for  Pt.  Mugu,  February-March  1976.  T,  theoretical;  E,  experimental;  1,  profiles  retrieved 
using  five  radiometric  channels  and  surface  temperature,  pressure  and  humidity;  2,  profiles  from  surface  data 
only ;  3,  a  priori  mean. 
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Fig.  3b.  As  in  Figure  3a,  except  for  Pt.  Mugu,  July  1976. 
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Fig.  3c.  As  in  Figure  3a,  except  for  Gulf  of  Alaska,  February-March  1977. 


surface  and  decrease  to  very  low  values  at  these 
heights. 

The  rather  large  error  in  temperature  and  especially 
water  vapor  profiles  near  100  mb  above  the  surface 
in  the  July  measurements  at  Pt.  Mugu  shown  in 
Fig.  3b  is  largely  the  result  of  the  smoothing  of  the 
sharp  boundary  of  the  marine  subsidence  inversion. 
This  is  illustrated  by  the  July  examples  of  Fig.  2. 
However,  for  some  meteorological  applications,  and 
in  particular  the  numerical  models  that  might  use 
ocean  buoy  data,  average  temperatures  between  speci- 
fied pressure  levels  may  be  used,  making  the  detailed 
structure  less  important.  We  have  used  the  radio- 
metric and  rawinsonde  profiles  to  compute  the  thick- 
ness (equivalent  to  mean  virtual  temperature)  between 
commonly  used  pressure  levels.  These  are  illustrated 
in  the  scatter  diagrams  of  Fig.  5,  where  data  for 
the  three  experimental  periods  are  combined.  The 
rms  differences  between  radiometric  and  rawinsonde 
thicknesses  are  given  for  each  layer.  The  5.0  m  rms 
difference  for  the  1000-850  mb  layer  corresponds  to 
an  rms  mean  temperature  difference  of  1.1°C.  Similarly 
the  850-700  mb  layer  corresponds  to  1.6°C,  the  700- 
500  mb  layer  to  2.0°C,  and  the  500-300  mb  layer 
to  2.8°C. 

A  comparison  of  the  vertical  line  integral  of  water 
vapor  (or  precipitable  water)  as  derived  from  the 
rawinsonde  and  radiometer  is  given  in  Fig.  6.  The 
general  agreement  in  the  two  measurements  is  ap- 


parent, but  the  rms  difference  of  0.32  cm  is  signifi- 
cantly larger  than  the  predicted  value  of  about  0.1  cm. 
Similar  results  have  been  reported  by  Staelin  et  al. 
(1976)  and  Grody  (1976)  for  the  measurement  of 
water  vapor  from  satellites,  where  rms  differences 
between  radiometer  and  rawinsonde  are  about  0.4  cm 
compared  with  predicted  values  of  about  0.2  cm.  These 
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Fig.  4.  Experimentally  observed  accuracies  of  temperature 
profiles  using  a  five-channel  radiometer  with  and  without  cor- 
rection for  radiation  from  clouds. 
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Fig.  5.  Comparison  of  layer  thicknesses  as  derived  from  rawinsonde  and  radiometer. 


3800 


discrepancies  could  arise  from  a  number  of  sources, 
including  inaccuracies  in  the  radiometric  and  rawin- 
sonde measurements  and,  in  the  satellite  case,  errors 
in  earth  surface  emissivity  and  temperature.  Un- 
certainties in  the  absorption  coefficient  of  water  vapor 
may  also  be  a  significant  source  of  error. 

6.  Conclusion 

Temperature  profiles  retrieved  from  ground-based 
microwave  radiometric  measurements  under  both  clear 
and  cloudy  conditions  have  been  compared  with 
rawinsonde  profiles  to  show  that  reasonable  agreement 
with   predicted   accuracy   has   been   achieved.    Root- 


mean-square  accuracies  between  1  and  2°C  for  the 
mean  temperature  between  standard  pressure  levels 
up  to  500  mb  were  obtained  for  the  combined  data 
from  the  three  experimental  periods.  Measurements 
with  these  accuracies  will  be  useful  in  numerical 
weather  prediction,  especially  in  data-sparse  regions. 
Water  vapor  profiles  and  line  integrals  from  the 
radiometric  data  have  also  been  compared  with  rawin- 
sonde data,  but  differences  of  these  quantities  are 
somewhat  larger  than  expected.  It  is  likely  that  dis- 
crepancies arise  partly  from  inaccuracies  in  the  rawin- 
sonde itself  and  partly  from  uncertainties  in  our 
knowledge  of  water  vapor  absorption  coefficients. 
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Radar  Altimeter 
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Introduction 

The  launch  of  Geos  3  on  April  9, 
1975,  by  the  U.S.  National  Aero- 
nautics and  Space  Administration 
(NASA)  represented  the  first  step 
toward  the  goal  of  ocean  surface 
remote  sensing  from  space.  Micro- 
wave radars  and  radiometers  orbiting 
aboard  a  network  of  unmanned 
satellites  are  expected  ultimately  to 
offer  an  all-weather  capability  for 
routinely  monitoring  sea  state,  ocean 
surface  topography,  temperature, 
currents,  and  (indirectly)  surface 
winds  on  a  global  scale.  The  availa- 
bility of  such  data  in  real  time  should 
produce   a  quantum  increase   in   the 


quality  of  long-term  weather 
forecasts,  as  well  as  provide  needed 
information  for  the  efficient  and  safe 
conduct  of  burgeoning  maritime  op- 
erations. 

Geos  3  is  the  first  unmanned 
satellite  to  carry  a  radar  system  for 
observations  of  the  sea.  In  particular, 
it  carries  a  microwave  short-pulse 
altimeter  capable  of  measuring  rms 
ocean  wave  height  along  its  nadir 
track.  Although  the  instrument  can 
measure  other  quantities  of  geodetic 
and  oceanographic  interest  (such  as 
the  instantaneous  mean  sea  level  from 
which  currents  and  geoidal  features 
can  be  extracted),  we  consider  here 
only   the   measurement   of  sea   wave 
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height;  this  is  without  a  doubt  the 
most  important  single  parameter 
characterizing  that  general  but  often 
used  term,  'sea  state.'  The  mathemati- 
cal model  and  physical  principles 
describing  the  sea  echo  have  been 
understood  for  years.  This  paper, 
however,  presents  some  of  the  first 
wave  height  plots  made  from  a 
spacecraft  radar.  These  wave  height 
plots  are  shown  versus  distance  along 
the  satellite  track;  they  agree 
reasonably  well  with  ocean  wave 
hindcasts  and  laser  profilometer 
measurements  of  wave  height,  the 
errors  being  consistent  with  system 
resolution  and  internal  and  tracking 
loop  noise. 
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Fig.  1 .    Sketch  showing  consecutive  radar  resolution  cells  for  altimeter  in  pulse- 
limited  mode  and  the  resulting  average  echo  power  shape  versus  time. 


The  Radar 

The  Geos  3  microwave  radar  oper- 
ates in  a  pulse-limited  mode,  as  illus- 
trated in  Figure  1.  Operating  at  13.9 
GHz,  the  system  transmits  a  pulse 
whose  effective  nominal  temporal 
width  is  12.5  ns,  providing  a  radar  cell 
spectral  width  of  1.875  m  [McGoogan, 
1975].  The  peak  pulse  radiated  power 
is  2  kW,  and  the  pulse  repetition  fre- 
quency is  100  Hz,  providing  for  a  typi- 
cal effective  signal-to-noise  ratio  at 
the  receiver  of,  12  dB.  The  satellite 


orbit  is_  nearly  circular,  approximately 
843  km  above  the  earth.  Figure  1 
illustrates  how  the  received  sea  echo 
increases  in  amplitude  from  the  noise 
level  as  the  short  pulse  scatters  from 
the  highest  ocean  wave  crests  directly 
below  the  satellite.  This  echo  signal 
rises  to  a  peak  value,  representing  a 
circle  of  illuminated  sea  surface  whose 
diameter  is  typically  4  km  (indepen- 
dent of  beam  width,  but  dependent 
upon  pulse  width  and,  to  some  extent, 
wave  height).  This  sea  echo  then 
remains  at  a  'plateau'  level  because 


constant  sea  area  is  intercepted  by*- 
spherical  pulse,  but  it  falls  off  eve^i. 
tually  because  of  the  finite  antenna,., 
beam  width  of  2.6°.  It  is  the  stretcbin$; 
or  rise  time  of  the  leading  edge  of  $%,.;. 
echo  Signal  which  is  a  direct  measuj^V 
of  wave  height  at  nadir.  Because  the 
ocean  wave  height  is  random,  the  in- 
stantaneous echo  signal  is  also  raQ*^ 
doin;  hence  averaging  must  be  used  tit". 
obtain  rms  wave  height  estimates. 

This  paper  is  primarily  concerned ; 
with   inversion  of  the   sea   echo   to 
obtain  wave  height  and  an  interpreta- 
tion of  the  results.  The  discussion  is 
brief  and  elementary,  with  the  purr  j 
pose  of  acquainting  the  geophysics 
community  with  the  principles  and 
potential  of  the  instrument  for  wave 
height  measurement.  Other  groups 
besides  ours  are  presently  involved  in 
the  analysis  of  Geos  3  data.   The 
National  Environmental  Satellite  §er-v 
vice  (NESS)  of  the  National  Oceanic - 
and  Atmospheric  Administration/; 
(NOAA)    will   ultimately   have   t$§^. 
responsibility  for  the  effective  pros-f'* 
essing,  utilization,  and  dissemination;  • 
of  data  from  an  operational  network  q£ 
such  satellites;  our  present  research 
efforts  within  NOAA's  Environraej^  I 
tal  Research  Laboratories  (ERL) ,  and- 
the  work  of  others,  are  paving  the  way 
toward  that  time.  (Further  details  of 
the  satellite  instrumentation  and  addi- 
tional applications  of  the  altimeter  cajlj' 
be  found  in  the  work  of  McGoogan"' 
[1975].) 


Signal  Processing 


The  echo  voltage  time  signal  is 
square  law  detected  on  board  the 
satellite  and  sampled  over  the  leading 
edge  every  6.25  ns.  Inasmuch  as  the 
nominal  transmitted  pulse  width  is 
12.5  ns,  sampling  every  6.25  ns  does 
not  represent  an  increase  in  range 
resolution;  the  increased  number  of 
samples  does,  however,  produce  some 
degree  of  smoothing  along  the  leading 
edge  as  a  result  of  overlap  and  hence 
will  aid  in  improving  wave  height 
extraction  accuracy.  The  'effective' 
pulse  width  is  somewhat  longer  than 
the  12.5  ns  quoted  above  because  of 
(1)  stretching  of  the  pulse  due  to  finite 
receiver   bandwidth,    (2)    range-gate 


jitter,  and  (3)  errors  in  range-gate 
amplitudes.  Estimates  of  these  instru- 
mental errors  are  made  and  transmit- 
ted with  the  altimeter  data. 

Sixteen  range-gate  channels  are 
sampled  and  digitized  over  the  leading 
edge,  as  shown  in  Figure  2.  An 
average  consisting  of  the  sum  of  320 
consecutive  pulses  for  each  gate  is 
formed.  This  average  represents  3.2  s 
of  data,  over  a  path  approximately  21 
km  long.  Pulse  to  pulse  autocorrela- 
tions were  formed  for  several  sets  of 
data.  The  correlations  all  exhibit  cor- 
relation distances  of  less  than  500  m  so 
that  the  distance  between  indepen- 
dent observations  is  of  the  order  of 
886  m.  This  indicates  that  each 
average  over  3.2  s  contains  approx- 
imately 24  independent  samples. 

Many  investigators   [  Walsh  et  al., 


1978;  Dooley  et  al.,  1976]  are  employ- 
ing maximum  likelihood  fits  along  the 
leading  edge  to  deduce  wave  height. 
We  have  merely  used  finite  difference 
techniques  to  estimate  digitally  the 
leading  edge  derivative,  along  with 
the  simple  expression  given  above 
from  our  model.  This  technique 
employs  six  points  from  the  midregion 
shown  in  Figure  2,  corrected  to 
include  best  estimates  of  the  effective 
pulse  width  and  a  multiplicative  con- 
stant which  relates  the  finite 
difference  derivative  estimate  to  the 
derivative  of  a  continuous  Gaussian 
process.  In  order  to  increase  the  inde- 
pendent samples,  wave  height  means 
are  computed  for  three  consecutive 
320-pulse  sample  averages,  represent- 
ing a  total  rms  wave  height  for  each 
63-km  ocean  path  length  segment. 
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Sample  Wave  Height  Tracks 

Of  the  many  altimeter  passes  across 
the  North  Atlantic,  two  typical  exam- 
ples were  selected  for  display  here, 
one  representing  low  sea  conditions 
(April  23,  1975)  and  the  other  repre- 
senting high  sea  conditions  (May  6, 
1975).  The  rms  wave  height  was 
extracted  and  averaged  as  described 
above.  Plotted  in  Figures  3  and  4  is 
significant  wave  height  in  meters  (a 
convenient  oceanographic  term  which 
is  4  times  the  rms  wave  height)  versus 
position  along  the  satellite  track.  The 
track  is  given  as  a  function  of  latitude 
and  longitude,  and  a  distance  scale  (in 
kilometers)  is  included  for  conve- 
nience. 

Independent,  reliable  measure- 
ments of  wave  height  under  the 
satellite  have  been  available  only 
rarely  for  comparison  with  altimeter 
observations.  During  the  two  passes 
displayed  an  aircraft  profilometer 
measurement  of  wave  height  was 
available  at  only  one  point;  the  agree- 
ment is  good.  Otherwise,  weather 
charts  and  hindcasting  were  used  to 
estimate  wave  height  [Parsons  and 
Goodman,  1975] ;  these  values  are  dis- 
played across  the  top.  The  first  num- 
ber of  the  upper  set  of  two  is  wave 
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EXAMPLE  OF  PULSE-LEADING  EDGE  AND  'BEST  FIT'  RESULT 
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Fig.  2.    Example  of  measured  'leading  edge'  Geos  3  altimeter  echo  data,  along 
with  'best  fit'  (dashed  curve)  to  signal  derivative. 


height  (in  meters),  and  the  second  is 
wave  period  (in  seconds)  for  the  wind- 
driven  wave  field  along  the  track.  The 
estimated  winds  are  shown  as  flags, 
giving  the  direction  with  respect  to 
north  (up),  with  the  number  of  full 
bars  denoting  wind  speeds  in  10-  kn 
increments  (5.144  m/s  =  10  kn);  half 
bars  denote  5-knot  steps.  A  lower  set 
of  numbers  refers  to  the  wave  height 
and  period  of  any  swell  component 
present. 

Hindcasts  such  as  this  are  of  ques- 
tionable accuracy  over  the  open  ocean, 


where  even  winds  themselves  are  esti- 
mated. Hindcasted  wave  heights  are 
likely  to  be  least  reliable  for  low  wind 
speeds,  because  unknown  swell 
heights  always  present  may  be  as 
large  or  larger  than  the  wind- driven 
waves.  In  addition,  radar-deduced 
wave  heights  will  typically  be  less 
accurate  for  calm  seas,  because  a  con- 
stant error  in  measuring  the  width,  tp , 
of  the  leading  edge  will  produce  larger 
wave  height  variances  when  tp  is  close 
to  t,  the  pulse  width  (as  seen  from  the 
above   equation   for   h).   In   general, 


Echo  Model 

Many  theoretical  models  [Barrick, 
1972a,  b;  Berger,  1972;  Miller  and 
Hayne,  1972;  Walsh,  1974]  have 
appeared  in  the  literature  for  the 
average  scattered  power  versus  time 
as  seen  by  a  short-pulse  altimeter.  A 
particularly  convenient  representa- 
tion, based  on  a  specular  point 
approach  derivable  from  physical 
optics,  was  obtained  by  Barrick 
[1972a]  for  pulse-limited  operation. 
Assumed  in  this  model  (for  conve- 
nience) are  Gaussian  antenna  beam 
pattern  (of  half-power  width  i/fg), 
Gaussian  pulse  shape  (of  half-power 
width  t),  Gaussian  ocean  wave  height, 
and  wave  slope  probability  distribu- 
tions (of  rms  height  h  and  rms  total 
slope  s).  These  approximations  are 
reasonably  valid  for  a  first-order 
representation  of  the  echo  signal  lead- 


ing edge  and  initial  portion  of  the 
plateau  region.  The  product  of  the 
antenna  gain  squared  times  the 
average  radar  cross  section  of  the  sea 
versus  time  is 

i 
G*a(t)  «  (irmHxJs*) 

■  [I  +  $«/<„)]  exp(-2t/«,) 

where  His  the  altitude  of  the  satellite, 
*„  =  cr/[4(ln  2)  "2,  c  -  3  *  108  m/s,  tp 
=  2(xJ  +  2h2)ll2/c,  t,  -  2H$eVc, and 
l/«j/e2  -  (8  In  2)/<f»B2  +  1/s2.  Here 
$(*)  is  the  error  function  of  argument 
x.  Time  t  =  0  is  taken  to  occur  at  the 
radar  when  the  center  of  the  pulse 
intercepts  the  mean  (smooth)  sea  sur- 
face. The  constants  tp  and  ts  have  par- 
ticularly meaningful  interpretations. 
First,  tp  represents  the  temporal  lead- 
ing edge  stretching  of  the  original 
pulse  of  width  t  due  to  the  waves  of 
rms  height  h  and,  second,  ts  represents 


the  temporal  extent  of  the  plateau 
region  and  contains  the  combined 
effects  of  antenna  beam  width  and 
surface  slope. 

Pulse-Limited  operation  by  defini- 
tion implies  that  tt  >>.ip  Since  the 
stretching  of  the  echo  signal  leading 
edge  is  known  to  contain  the  wave 
height  information,  a  particularly 
meaningful  representation  of  this 
stretching  is  obtained  by  taking  the 
derivative  of  this  portion  of  the  signal; 
it  has  the  Gaussian  pulse  shape 
characteristic  of  the  probability  dis- 
tribution of  wave  heights. 

(G2o-(t)]'  -  [2nHxJ(s%)} 

•  exp(-i2/<„2) 

Thus  by  measuring  the  width  of  this 
leading  edge  derivative,  tp,  one  has  a 
simple  estimator  of  rms  wave  height  h 
from  h  m  [c/2(2)m)[tp2  -  (r2/4  In 
2)]1'2 
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Fig.  3.  Wave  height  track  over  the  Atlantic  during  low  sea  conditions  on  April  23, 
1 975.  Wave  hindcasts  and  wind  flags  shown  at  various  track  positions  are  defined 
in  text. 


however,  the  radar-deduced  wave 
heights  and  hindcasted  wave  heights 
do  show  good  agreement  and  similar 
trends  across  the  tracks. 

We  have  had  only  one  additional  set 
of  Geos  3  data  during  which  an 
aircraft  profilometer  measured  wave- 
height  along  a  portion  of  the  satellite 
track.  This  was  a  run  on  April  25, 
1975,  when  the  aircraft  underflew  the 
satellite  along  a  120-km  section  of 
track.  The  rms  profilometer-mea- 
sured  wave  height,  averaged  over  this 
entire  track,  was  reported  as  3.51  m 
[Parsons  and  Goodman,  1975).  The 
satellite-measured  wave  heights,  Hl/3, 
for  the  corresponding  six  21-km  (320 
pulse)  sample  averages  are  given  in 
the  tabulation  below. 


#1/3.  m 


cr  i,  m 


3.22 

1.43 

3.18 

1.51 

4.48 

1.29 

5.85 

1.40 

1.81 

1.53 

2.03 

1.41 

Also  given  are  the  tracking  errors 
(converted  from  rms  time-gate  error 
to  significant  wave  height,  cr,)  as 
measured  on  board  the  satellite  and 
transmitted  with  the  data.  The  mean 
altimeter  wave  height  obtained  from 
these  six  numbers  is  3.43  m,  and  the 
wave  height  standard  deviation  is  1.53 
m. 


Conclusions 

Short-pulse  microwave  radar 
altimeters  operating  from  space  offer 
the  potential  of  measuring  ocean  wave 
height  along  the  nadir  track,  as  dem- 
onstrated by  preliminary  Geos  3  data. 
Limited  ground  truth  and  hindcasts 
show  favorable  agreement.  Very  close 
laser    profilometer    agreement    with 
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altimeter  wave  heights  (0.73  versus 
0.65  m  and  3.51  versus  3.43  m)  are 
more  likely  fortuitous  than  indicative 
of  altimeter  accuracy.  Geos  3  wave 
height  standard  deviations  from  the 
second  profilometer  test  were  1.53  m, 
giving  an  rms  normalized  error  of  45% 
for  these  tests.  As  can  be  seen  from 
the  second  column  of  the  tabulation, 
these  wave  height  errors  are  exp- 
lained almost  entirely  by  instrumental 
errors,  a,.  The  latter  are  due  not  only 
to  tracking  loop  and  range-gate  jitter 
but  also  to  a  relatively  low  signal-to- 
noise  ratio  on  the  midportion  of  the 
leading  edge  used  in  the  analysis 
(9-10  dB).  The  next  generation 
altimeter  to  be  flown  aboard  Seasat-A 
will  be  a  more  precise  instrument, 
having  a  higher  signal-to-noise  ratio 
and  shorter  pulse  width;  such 
improvements  should  result  in  ocean 
wave  height  measurement  accuracies 
of  the  order  of  tens  of  centimeters. 
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Observation  of  winds  in  the  clear  air  using  an  FM-CW  Doppler  radar 
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The  Wave  Propagation  Laboratory  of  NOAA  has  developed  a  frequency-modulated,  continuous- 
wave,  clear-air  radar  with  a  Doppler  capability  for  measuring  both  the  mean  wind  and  turbulent 
intensity.  In  this  paper,  observations  of  turbulence  are  shown  and  related  to  the  background  wind 
and  temperature  structure.  The  radar's  capability  for  measuring  the  structure  parameters  and 
dissipation  rates  of  both  velocity  and  refractive  index  in  the  inertial  subrange  is  discussed. 


1.     INTRODUCTION 

It  has  been  known  for  some  time  [Richter,  1969] , 
that  frequency-modulated,  continuous-wave  (FM- 
CW)  radar  has  the  capability  of  revealing  many 
details  of  clear-air  structures  in  the  planetary 
boundary  layer.  Its  value  lies  mainly  in  its  ability 
to  "see"  structure  close  to  the  radar  (near  the 
ground),  and  in  the  fme  resolution  with  which  the 
atmosphere  can  be  observed.  It  is  fundamentally 
very  flexible,  and  the  range  resolution,  observed 
range,  and  integration  time  can  be  varied  more  or 
less  at  will. 

The  capabilities  of  the  FM-CW  radar  for  observ- 
ing the  atmosphere  attracted  considerable  attention 
for  some  time  after  its  invention,  and  much  was 
learned  about  wave  motions  and  convection  in  the 
lower  atmosphere  [Gossard  et  al,  1970;  Atlas  et 
al,  1970;  Bean  et  al,  1971].  However,  acoustic 
sounders  were  under  development  at  about  the  same 
time  [Little,  1969;  McAllister,  1968] ,  and  the  acous- 
tic sounders  had  the  great  advantage  that  Doppler 
velocity  information  was  easy  to  extract  from  the 
backscattered  signal.  Although  it  was  well  known 
that  Doppler  velocity  information  about  discrete 
targets  could  be  obtained  by  the  FM-CW  radar, 
it  was  widely  believed  that  the  extraction  of  velocity 
information  from  backscatter  that  was  continuous 
in  range  was  impossible  because  this  kind  of  radar 
uses  the  frequency  difference  between  the  outgoing 
and  returning  signal  to  get  range  information.  How, 
then,  could  the  backscattered  signal  also  be  used 
to  provide  Doppler  velocity  information? 

Copyright  ©  1978  by  the  American  Geophysical  Union. 


Strauch  et  al.  [1975]  of  NOAA's  Wave  Propaga- 
tion Laboratory  have  recently  described  the  theory 
of  how  Doppler  information  can  be  extracted 
through  digital  processing,  and  demonstrated  the 
technique  [Strauch  et  al,  1976]  by  observing  the 
fall  velocity  of  rain  and  snow.  The  essence  of  the 
technique  is  to  observe  phase  changes  in  the  return 
signal  from  sweep  to  sweep.  They  further  pointed 
out  the  potential  of  the  radar  for  clear-air  studies 
and  showed  examples  of  clear-air  vertical  velocity. 

2.     MEAN  WIND  OBSERVATIONS 

Still  more  recently,  Chadwick  et  al.  [1976a,  b] 
have  made  clear-air  observations  of  the  horizontal 
wind  velocity  and  discovered  the  startling  fact  that 
the  Doppler  information  is  fundamentally  available 
even  without  additional  digital  data  processing  if 
the  FM-CW  radar  is  suitably  configured.  This  is 
because  the  output  of  this  radar  appears  in  the 
frequency  domain.  The  equipment  configuration  is 
similar  to  that  used  by  Richter  [1969],  the  only 
changes  being  in  parameters.  The  FM  sweep  period 
used  by  Richter  was  50  ms  while  Chadwick  et  al. 
[1976a,  b]  used  a  few-ms  sweep  period.  Richter 
coherently  processed  over  only  one  sweep  while 
Chadwick  et  al.  coherently  processed  over  50  or 
more  sweeps.  An  example  of  velocity  spectra  dis- 
played on  an  A-scope  without  digital  processing 
is  shown  in  Figure  1.  Figure  2  (from  Chadwick 
et  al.)  shows  the  corresponding  wind  profile  ac- 
quired along  an  azimuth  of  225°  at  an  elevation 
angle  of  45°.  The  profile  is  compared  with  winds 
measured  by  a  captive  balloon  (solid  lines)  at  the 
beginning  times  of  ascent  and  descent  indicated. 
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Fig.  1.  A-scope  display  of  clear  air  Doppler  wind  spectra.  Spikes 
are  from  ground  clutter  and  represent  zero  velocity  point  in 
range  cells  spaced  122  m  apart  from  465  m  range  out  to  1805 
m.  The  velocity  scale  is  20  m/sec  between  spikes;  the  clear-air 
spectra  are  the  broad  peaks  shifted  from  zero  by  the  horizontal 
wind. 


The  circles  show  a  Rawinsonde  ascent  made  at  the 
same  time.  The  radar  sounding  represents  a  10-sec 
average,  whereas  many  minutes  were  needed  for 
the  balloon  soundings.  In  the  system  used  by 
Chadwick  et  ah,  the  radial  wind  and  wind-shear 
data  can  easily  be  displayed  on  a  PPI,  revealing 
the  clear-air  wind  structure  over  a  volume  in  the 
vicinity  of  the  radar. 


3.     TURBULENCE  INTENSITY  MEASURED  BY  FM-CW 
DOPPLER  RADAR 

The  mean  radial  velocity  is  found  from  the 
displacement  of  the  wind  velocity  spectrum  from 
zero  as  shown  in  Figure  1.  However,  the  finite 
width  of  the  velocity  spectrum  is  a  result  of  either 
random  turbulent  air  motions  toward  and  away  from 
the  radar  within  the  range  cell  or  of  shear  of  the 
radial  wind  transverse  or  parallel  to  the  beam  axis. 
However,  shear  transverse  to  the  beam  axis  can 
usually  be  determined  by  scanning  the  beam;  shear 
parallel  to  the  beam  can  be  found  from  the  range 
cell-to-cell  wind  information,  and  shear  effects  then 
removed.  When  the  radar  is  pointing  vertically,  the 
shear  component  is  nearly  always  negligible  because 
the  mean  radial  wind  component  is  then  almost 
always  small.  Thus  the  width  of  spectra  measured 


by  Doppler  radars  can  be  interpreted  in  terms  of 
mechanical  turbulence  intensity  [Frisch  and  Clif- 
ford, 1974] .  They  find  that  the  turbulent  dissipation 
r^te  is  given  by 

e  =  8-'  [o2n/l.35A(l  -  Y2/15)] 3/2 

where  a2u  is  the  variance  in  the  radial  velocity 


5  =  a  and  y2  =   1 
3  and  y  =/{a/py 


component.  When  p/a  <   1, 

-  (3/a)2.  When  p/a  >  1,  8 

—  jj  Their  analysis  assumes  that  turbulence  scales 
within  the  radar  range  cell  he  in  the  inertial  subrange 
where  the  spectral  density  E(k)  =  A  e2/3  k~in  and 
that  the  antenna  pattern  corresponds  to  the  three- 
dimensional  gaussian  distribution 

P(x,y,z)=  [(2TT)3/2pa2]  -' 

•  exp[-(z*+.^)/(2a2)-x7(20>)] 

where  x  is  the  direction  of  the  radar  beam.  For 
our  radar,  the  half-power  beamwidth  was  2.7°  and 
the  cell  size  was  3  =  87  m.  The  radar  wavelength 
is  10  cm.  The  constant  A  —  0.53.  Except  in  the 
heart  of  the  inversion  layer,  the  assumption  that 
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the  inertial  subrange  extends  to  scales  of  the  cell 
size  seems  safe. 

Figure  3  shows  an  example  of  an  FM-CW  radar 
record  obtained  on  29  April  1976  with  the  antennas 
pointing  vertically.  The  left-hand  side  shows  inten- 
sity of  the  backscatter  on  a  height  vs.  time  display. 
An  A-scope  display  of  log  intensity  vs.  height  is 
shown  by  the  left-hand  solid  curve.  The  backscat- 
tered  intensity  is  a  direct  measure  of  the  turbulent 
structure  parameter  C\,  as  demonstrated  by  Otter- 
sten  [1969].  The  Doppler  spectra  in  87  m  height 
increments  are  shown  by  the  curves  at  the  right. 
As  in  Figure  1,  the  range  axis  is  also  a  velocity 
axis.  In  this  case  the  vertical  velocity  is  zero  within 
the  error  of  reading  from  the  display  so  the  peaks 
of  the  spectra  are  at  zero  velocity.  The  velocity 


range  from  peak-to-peak  is  10  m/s  and  the  corre- 
sponding height  range  is  87  m.  The  first  and  second 
moments  of  the  spectra  were  calculated  from  the 
mean-value  theorem  using  the  trapezoidal  rule. 

On  29  April  there  was  a  nearly  stationary  front 
along  the  eastern  slope  of  the  Rocky  Mountains 
so  the  boundary  layer  displayed  by  the  radar  was 
in  a  nearly  steady-state  condition.  We  therefore 
have  compared  the  radar  data  with  the  Rawinsonde 
data  from  Denver,  Colorado,  almost  60  km  from 
Boulder  where  the  radar  was  located.  The  Rawin- 
sonde data  taken  at  0500  MST  show  the  frontal 
inversion  to  be  1400  m  above  the  ground,  in  remark- 
able agreement  with  the  thin,  intense  scattering  layer 
on  the  radar  record.  The  sounding  data  are  shown 
in  Figure  4  with  profiles  of  e  and  C\  shown  for 
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comparison.  Both  e  and  C\  reach  a  maximum  below 
the  inversion,  with  e  falling  to  less  than  a  tenth 
of  its  maximum  value  above  the  inversion.  The 
structure  constant  C\  (or  equivalently,  the  back- 
scattered  intensity)  also  has  a  strong  maximum  at 
the  base  of  the  inversion,  in  agreement  with  air- 
craft-borne-refractometer  results  reported  by  Gos- 
sard [1960]  and  with  balloon-borne-re fractometer 
results  reported  by  Lane  [1967] . 

4.     CONCLUSIONS 

The  FM  Doppler  radar  is  a  powerful  new  research 
tool  for  studying  wind  structure  and  turbulence  in 
the  planetary  boundary  layer.  If  it  can  be  established 
that  it  can  operate  to  several-km  ranges  a  large 
percent  of  the  time,  it  will  have  many  practical 
applications  as  well  as  research  applications.  These 
include  the  monitoring  of  wind  shear  and  severe 
turbulence  in  the  neighborhood  of  airports. 
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Measurement  of  Ocean  Wave  Heights  Using  the  Geos  3  Altimeter 
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Radar  altimeter  signals  transmitted  from  the  low-orbiting  satellite  Geos  3  were  analyzed  for  two 
selected  orbits  over  high  seas  associated  with  hurricane  'Caroline'  in  the  Gulf  of  Mexico  and  a  North 
Atlantic  storm.  The  measured  values  of  significant  wave  height  are  in  reasonable  agreement  with  surface 
measurements,  provided  that  the  altimeter  data  are  properly  edited.  The  internal  consistency  of  estimated 
wave  heights  for  the  North  Atlantic  storm,  a  standard  deviation  of  0.6  m  or  less,  and  the  good  agreement 
with  surface  truth  lend  credence  to  the  method.  A  statistical  analysis  of  the  pulse  slope  variation  gives 
estimated  values  of  significant  wave  height  within  ±  1  m  of  the  true  values  75%  of  the  time  for  spatial 
averaging  over  70  km. 


Introduction 

Short-pulse  radar  altimeters  aboard  low-orbiting  satellites 
have  the  capability  of  measuring  the  mean  height  of  the  ocean 
surface,  the  geoid,  and  the  roughness  of  this  surface,  the  wave 
height.  The  mean  height  measurement  uses  the  round  trip 
travel  time  of  radar  pulses  to  estimate  the  distance  from  the 
satellite  to  the  surface.  The  roughness  of  the  ocean  surface 
causes  stretching  of  the  return  pulse  leading  edge  which  is  a 
direct  measure  of  the  ocean  wave  height  (see,  for  example, 
Barrick  [1972];  Brown  [1977]).  In  the  present  work  the  signifi- 
cant wave  height  HU3  is  inferred  from  the  shape  of  the  average 
received  pulse. 

Short-pulse  altimeters  are  aboard  two  satellites,  Skylab  S- 
193  and  Geos  3  [McGoogan,  1975].  Both  altimeters  have  simi- 
lar pulse  widths,  about  15  ns,  allowing  the  measurement  of 
higher  wave  heights,  whereas  the  altimeter  scheduled  for 
launch  aboard  Seasat-A  in  May  1978  will  have  a  nominal  pulse 
width  of  3  ns,  allowing  measurement  of  lower  wave  heights. 

Contributions  to  the  received  radar  signal  occur  when  the 
scattered  energy  from  specular  points  on  the  rough  ocean 
surface  is  returned  to  the  radar  antenna.  However,  these  points 
will  be  received  at  different  delays,  since  they  come  from 
different  depths  into  the  rough  surface.  Therefore  the  delayed 
signals  add  randomly,  causing  stretching  of  the  leading  edge  of 
the  return  pulse.  This  scattering  process  for  a  short-pulse 
satellite  altimeter  requires  that  the  spherical  nature  of  the 
transmitted  wave  be  considered  [Moore  and  Williams,  1957; 
Barrick,  1972].  Thus  the  received  pulse  increases  in  amplitude 
after  being  reflected  from  the  surface  up  to  a  peak  (plateau) 
value.  This  plateau  value  is  reached  when  the  trailing  edge  of 
the  transmitted  pulse  first  intersects  the  mean  surface,  for  a  flat 
sea  an  area  about  4  km  in  diameter  for  Geos  3,  whereas  for 
high  seas  it  occurs  when  the  trailing  edge  reaches  the  lowest 
trough,  which  could  be  6-7  km  in  diameter. 

The  purpose  of  the  present  work  is  to  develop  a  method  for 
analyzing  the  Geos  3  altimeter  signals  in  terms  of  ocean  wave 
heights.  The  technique  must  take  into  account  the  peculiarities 
associated  with  the  Geos  3  altimeter.  Indeed,  several  altimeter 
parameters  are  observed  in  order  to  determine  when  and  if  the 
altimeter  data  required  to  calculate  //1/3  are  reliable.  A  more 
accurate  method  for  analyzing  Geos  3  data"  may  evolve  in  the 
future;  however,  it  is  believed  that  the  method  presented  here 
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leads  to  useful  results.  Data  from  two  orbits  were  selected  for 
analysis:  overflights  of  hurricane  Caroline  in  the  Gulf  of  Mex- 
ico and  a  North  Atlantic  storm. 

Theory 

The  time  evolution  of  the  backscattered  signal  as  recorded 
by  the  receiver  is  given  by  the  convolution  of  the  incoming 
pulse  /0(0  with  the  impulse  response  function  H(l): 


1(1)  =  H(t)*l0(t) 


-i: 


H{t  -  t'M?)  dt' 


(1) 


where  H(t)  is  the  convolution  of  the  radar  sea  surface  impulse 
response  function  S(t),  which  describes  the  backscattering  of 
the  pulse  and  the  receiver  response  function  R{t): 

H(t)  =  S(t)*R(t) 

The  antenna  beam  width  effects  were  not  included,  since  they 
have  a  negligible  effect  on  the  shape  of  the  leading  edge  of  the 
pulse. 

For  the  simplified  case,  a  nearly  smooth  flat  sea  surface,  the 
mean  backscattered  signal  is  proportional  to  the  area  illumi- 
nated by  the  pulse.  For  this  simplification  the  signal  energy  is  a 
linear  function  of  time  if  ta  -  t/2  <  I  <  t0  +  t/2  and  remains 
constant  for  I  >  t0  +  t/2  [Brown,  1977].  Assuming  that  the 
surface  impulse  response  S(t)  is  a  step  function,  the  receiver 
response  R(t)  is  a  delta  function,  and  the  incoming  pulse  is 
rectangular,  then  a  linear  response  is  obtained  as  shown  by  the 
solid  line  in  Figure  1. 

If  the  sea  surface  is  rough,  however,  specular  points  are 
encountered  above  and  below  mean  sea  level.  This  causes  the 
linear  rise  to  be  stretched  as  illustrated  by  the  dashed  line  in 
Figure  I .  For  a  rough  sea  the  surface  response  function  S(t)  is 
then  the  convolution  of  a  step  function  and  the  probability 
density  function  /^(f,  n)„  =  0  for  specular  points  having  heights 
f  above  the  mean  level  (n  represents  the  vector  normal  of  the 
specular  points).  Specular  points  for  a  nadir-looking  altimeter 
are  characterized  by  tangent  planes  on  the  ocean  waves  where 
the  normals  of  these  planes  are  vertical  to  the  mean  sea  sur- 
face; i.e.,  n  =  (nx,  Vy)  =  0  [Barrick,  1968]. 

In  the  analysis  of  a  rough  surface  we  can  assume  that  the 
ocean  wave  field  obeys  Gaussian  statistics  and  that  the  back- 
scattered  energy  per  unit  illuminated  area  is  independent  of 
height  above  the  mean  sea  level.  Shapiro  et  al.  [1972]  have 
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/0(0~  exp(-rV2(r/) 


(6) 


Fig. 


co  t0 

Time    Delay  —  nsec 

Simplified  representation  of  average  received  pulse  shape. 


shown  evidence  that  the  radar  energy  near  vertical  incidence 
increases  linearly  with  increasing  distance  below  the  wave 
crests.  However,  these  small  effects  are  unlikely  to  be  detect- 
able with  the  Geos  3  altimeter  because  of  its  limited  resolution. 
The  ocean  wave  field  is  assumed  to  be  Gaussian  distributed 
with  independent  wave  heights  and  the  wave  normals, 


fitf,  n)  =  Ptf)P&) 


For  a  nadir-looking  altimeter,  (2)  can  then  be  represented  by 
[Brown.  1977] 

Pa(f,  n)„,„~exp  -f2/2<782  (3) 

where  aa  is  the  rms  wave  height  and  is  related  to  H1/s  by 

c  =  \HV3  (4) 

In  this  analysis  it  is  implied  that  the  reflected  pulse  contains 
contributions  from  so  many  specular  points  that  the  statistics 
of  the  returned  pulse  envelope  can  be  described  by  a  Rayleigh 
distribution  or,  equivalently,  its  square  by  an  exponential  dis- 
tribution. 

The  receiver  response  function  is  useful  in  characterizing  the 
effect  of  pulse  jitter  on  the  average  received  pulse  shape.  The 
altimeter  pulse  acquisition  requires  continuous  adjustment  of 
the  individual  pulse  positions.  The  random  portion  of  this 
adjustment  is  termed  pulse  jitter  and  may  be  assumed  to  be 
Gaussian  distributed  with  an  rms  value  <tj  [Hofmeister  et  ai, 
1976].  Therefore  the  receiver  response  function  R(t)  is  approx- 
imately 


R(t)  ~  exp  [-(t  -  tof/lof] 


(5) 


and  the  incoming  pulse  can  also  be  approximated  by  a  Gaus- 
sian shape  with  rise  time  aT: 

TABLE  I.    Geos  3  Satellite  Characteristics 


Characteristic 

Value 

Orbital 

Mean  altitude 

843  km 

Inclination 

115° 

Eccentricity 

0 

Period 

101.8min 

Satellite  velocity 

~7  km/s 

Radar  A  Itimeter 

Transmitting  frequency 

13.9GHz 

Pulse  width  (one-half  power  width)* 

14-15  ns 

Pulse  width  (o-T  =  e'"2  width )f 

6.2  ns 

Pulse  repetition  frequency 

lOOpulse/s 

Detector  characteristic 

square  law 

Antenna  beam  width  (one-half  power) 

2.6° 

Tracking  loop  jitter  (<r,)* 

~4  ns  for  Hu,  <  2  m 

~9  ns  for  H,/3  ^  10  m 

*  Based  on  electrical  tests  of  the  flight  model  altimeter  [Hofmeister 
et  at..  1976]. 

tBased  on  one-half  power  width  of  14.6  ns. 


The  average  return  pulse  includes  the  convolution  of  three 
Gaussian  functions: 

/>3(f  =  ct/2,  n)„.„      R(t)        W)  (7) 

where  c  is  the  speed  of  light.  The  resulting  Gaussian  expression 
is  Ga  (t)  with  rise  time 

ac  =  [(2<js/cY  +  a/  +  a,"]1"  (8) 

Therefore  the  resulting  analytical  expression  for  the  average 
return  signal  is 


"/ 


i(t)  =        d(t-t,-t')Ga(f)df 


■i^-(y+-'"wt)+' 


(9) 


(2)      where 


8(t  -  t0)  =  /=,      l  >  t0 

0(1  -  t0)  =  /„„       l  <  to 

and  erf  t  =  2/(ir)U2  j0'e~X2  dX  is  the  error  function. 
From  (4)  and  (8)  we  obtain 

ffl/3    =    0.6(ff(2    -    <7r2    -    <T/)"2  (10) 

where  Hl/3  is  in  meters  and  <rc,  aT,  and  a j  are  in  nanoseconds. 
Equations  (9)  and  (10)  are  used  to  deduce  the  significant  wave 
height  in  the  examples  examined. 

Description  of  Altimeter 

The  Geos  3  satellite  was  launched  on  April  9,  1975,  into  a 
circular  orbit  with  each  consecutive  orbit  precessing  about  25° 
to  the  west.  The  principal  orbital  and  altimeter  characteristics 
are  given  in  Table  1.  The  tabulated  altimeter  characteristics 
refer  to  the  instantaneous  short-pulse  (intensive)  mode  of  op- 
eration relevant  for  sea  state  studies.  The  altimeter  probes  the 
ocean  surface  100  times  per  second  resulting  in  a  spatial  period 
of  70  m.  Each  radar  pulse  is  sampled  in  the  radar  receiver  by 
16  sampling  gates  as  illustrated  in  Figure  2.  These  gates  of  a 
width  of  12.5  ns  and  uniformly  spaced  at  6.25  ns  intervals 
sample  the  pulse  at  discrete  levels  of  8  mV.  Furthermore,  the 
receiver  continuously  adjusts  the  position  of  these  16  gates  to 
track  the  leading  edge  of  the  return  pulse,  which  gives  a 
measure  of  the  satellite  altitude.  This  tracking  adjustment  is 
accomplished  by  a  split-gate  tracking  loop  which  minimizes 
the  loop  error  voltage  E  =  2/,0  —  /„,  where  /10  is  the  sampled 
energy  in  gate  number  10  and  /„  is  the  sampled  energy  in  the 
plateau  region  (see  Figure  2).  The  loop  bandwidth  is  approxi- 
mately 4  Hz,  which  means  that  any  real  or  apparent  changes  in 


.  100 


Time    Delay 


Fig.  2.  Geos  3  sampling  gate  configuration  for  intensive  mode:  7",. 
=  12.5  ns,  TN  =  200  ns.  /10  is  the  sampled  energy  gate  10,  /„  is  the 
sampled  energy  plateau  region,  and  /_„  is  the  sampled  energy  noise 
region. 
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altitude  slower  than  4  Hz  will  appear  as  a  tracking  adjustment. 

The  random  fluctuations  in  this  error  voltage,  termed  jitter, 
are  important  for  sea  state  studies,  since  jitter  in  position  of  the 
individual  pulses  causes  additional  stretching  of  the  average 
received  pulse.  The  expected  standard  deviation  of  tracking 
loop  jitter  is  about  4  ns  for  low  sea  states  and  increases  to 
about  9  ns  for  high  sea  states  (see  Table  1 ). 

The  16  sampling  gates  are  also  available  through  a  resis- 
tance-capacitance low-pass  filter  with  a  1-s  time  constant. 
These  average  gate  values,  hereafter  designated  as  analog  aver- 
ages, are  sampled  at  discrete  levels  of  2  mV  and  transmitted  to 
the  earth  every  3.2  s. 

Several  other  parameters  are  used  to  determine  if  the  altime- 
ter was  operating  properly  or  might  bias  the  estimates  of  Hl/3. 
These  parameters  include  ( 1 )  altimeter  status,  (2)  satellite  alti- 
tude, (3)  position  of  the  average  received  pulse  relative  to  the 
16  sampling  gates  t0,  and  (4)  Automatic  Gain  Control  (AGC), 
which  is  a  measure  of  received  signal  level. 

Analysis  Method 

The  analysis  method  is  separated  into  (1)  the  statistical 
analysis  of  data  and  (2)  the  development  of  criteria  for  deleting 
unreliable  data  that  could  bias  the  estimates  of  HU3. 

The  average  pulse  shapes  were  obtained  by  digitally  averag- 
ing 320  instantaneous  pulses  over  3.2  s,  defined  as  one  frame  of 
data.  This  corresponds  to  a  spatial  resolution  of  about  23  km, 
the  distance  the  satellite  travels  in  3.2  s.  Other  statistical  pa- 
rameters, i.e.,  variance,  skewness,  kurtosis,  intergate,  and  in- 
terpulse  correlation  coefficients,  were  calculated,  and  the  re- 
sults are  given  in  Appendix  A. 

The  average  received  pulse  shape  is  represented  by  the  error 
function  of  (9), 


««-  — —  (l+erf   ^vTJ 


+  /. 


(11) 


where  the  parameters  /„  and  /_„  are  available  from  the  altime- 
ter output,  average  plateau,  and  noise  gate  energies,  respec- 
tively; /,  is  the  time  delay  of  the  transmitted  pulse  as  shown  in 
Figure  3,  and  ac  is  a  measure  of  the  pulse  stretching.  The  pulse 
stretching  is  given  in  Figure  3  for  0  <  //,/8  <  12  m  based  on 
(10)  and  (11). 

The  significant  wave  height  (Hv3)  is  estimated  from  the 
average  pulse  shape  by  a  standard  least  square  error  analysis 
using  gate  10  and  the  four  adjacent  gates.  This  analysis  was 
performed  for  the  analog  and  digitally  averaged  gates.  The 
locations  of  the  five  points  selected  for  the  analysis  are  shown 
with  open  circles  in  Figure  3. 

The  form  of  the  least  square  error  is 


<  =   £  [/(',)  - 1,]2 


(12) 


where  /,  represents  the  average  gate  values.  The  minimization 
was  numerically  performed  by  selecting  successive  values  of  <tc 
and  t0. 

The  justification  for  selecting  only  five  points  is  as  follows: 
The  results  of  intergate  correlation  analysis  for  several  differ- 
ent orbits  show  an  unexpected  and  consistent  decrease  in 
correlation  between  gates  13  and  14  and  a  corresponding 
unexpected  increase  in  correlation  between  gates  12  and  13  as 
illustrated  in  Figure  Al.  These  correlation  coefficients  show 
that  the  position  of  gate  13  is  mislocated  with  a  delay  nearly 
identical  to  that  of  gate  12.  Therefore  including  gate  13  in  the 
analysis  could  bias  the  estimates. 
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Fig.  3.  Theoretical  shape  of  received  pulse  for  Geos  3  altimeter. 
Open  circles  indicate  the  four  sampled  points  (gates)  adjacent  to  gate 
10,  aT'  =  (<rr2  +  of)"2,  /.  =  2,  /_„  -  0,  and  t0  =  0. 


The  jitter  is  calculated  from  the  range  servo  error  voltage^,. 
The  servo  error  voltage  is  proportional  to  the  satellite  altitude 
rate  (E.  L.  Hofmeister,  private  communication,  1977).  There- 
fore the  random  jitter  fluctuations  are  obtained  first  by  calcu- 
lating the  running  sum,  z,  =  J^/. ,'  _yy,  where  y  is  given  in 
centimeters.  The  resulting  values  are  then  detrended  and  con- 
verted to  time  units  by  using  f;(ns)  =  _y/cm)/15  to  obtain  the 
jitter  fluctuations.  In  the  present  work  a  quadratic  least  square 
error  analysis  was  used  to  subtract  both  altitude  rate  and 
acceleration.  Similar  results  were  obtained  by  using  several 
slightly  different  analytic  methods. 

The  Geos  3  overflight  (orbit  2024)  of  hurricane  Caroline  was 
selected  to  illustrate  the  method  of  analysis.  This  includes  the 
least  square  analysis  described  above  to  estimate  //1/s,  t0,  and  e . 
In  addition,  the  altimeter  status  and  the  satellite  altitude  were 
monitored  in  an  attempt  to  determine  when  the  altimeter  data 
should  be  edited.  Figure  4  shows  the  result  of  this  analysis. 
Figure  4a  shows  the  variation  of  t,  the  mean  square  error 
which  is  a  measure  of  the  goodness  of  fit  to  the  error  function. 
Figure  4b  shows  the  variation  of  t0,  which  is  a  measure  of  how 
effectively  the  altimeter  receiver  is  positioning  the  incoming 
pulses.  Figure  4c  shows  the  standard  deviation  of  the  jitter  ah 
which  is  a  measure  of  the  random  time  shifts  between  instanta- 
neous pulses.  This  jitter  is  expected  to  increase  with  increasing 
Hl/3  and  decreasing  signal  level.  Figure  4d shows  the  variations 
of  the  satellite  altitude  with  four  values  of  altitude  averaged  to 
obtain  altitude  values  every  0.4  s.  Finally,  and  most  impor- 
tantly, Figure  4e  gives  the  estimates  of  Hin.  The  solid  circles 
represent  the  Hvs  values  based  on  an  effective  pulse  width  aT' 
=  (oT2  +  a2)1'2  =  7.8  ns,  whereas  the  open  circles  represent 
HVi  values  based  on  measured  values  of  <ry  from  the  method 
described  above  using  (10).  Both  methods  of  calculating  //1/s 
use  (10)  with  a7  =  6.2  ns.  The  dashed  lines  refer  to  portions 
along  the  ground  track  where  the  data  were  deleted  by  using 
the  editing  criteria  described  below. 

The  principal  features  of  Figure  4  are  the  large  negative 
spikes  in  satellite  altitude  (see  points  A,  B,  and  C);  these  spikes 
are  directly  correlated  with  large  values  of  at.  The  estimates  of 
Hu i  without  jitter  correction  exhibit  less  deviation  from  adja- 
cent values  than  estimates  with  jitter  correction  exhibit  for  the 
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Fig.  4.  Plots  of  altimeter  parameters  from  selected  portions  of 
orbit  2024  in  the  Gulf  of  Mexico  near  hurricane  Caroline,  August  31, 
1975.  Solid  circles  represent  Hu,  based  on  aT'  =  7.8  ns.  Open  circles 
represent  aT  =  6.2  ns  with  a,  correction.  Hui  values  using  at  correction 
underestimate  the  wave  height  when  negative  spikes  are  present  in 
satellite  altitude  (e.g.,  aT'  >  ac  for  frames  140  and  150).  Points  A,  B, 
and  C  indicate  negative  spikes  in  altitude. 


negative  spike  associated  data  The  smaller  values  of  t0  appear 
to  correlate  with  these  negative  spikes. 

A  similar  analysis  was  undertaken  for  orbit  4546  with  data 
over  a  much  larger  area  and  range  of  sea  states.  The  results 
from  this  North  Atlantic  orbit  are  shown  in  Figure  5.  First,  the 
satellite  altitude  output  did  not  exhibit  the  large  negative 
spikes  present  for  orbit  2024.  Therefore  continuous  unbiased 
estimates  of  Hu3  are  available  except  for  a  small  area  near 
frame  15  where  the  signal  level  dropped  below  the  minimum 
threshold.  The  parameters  selected  for  display  in  Figure  5  are 
{„,  oj>  and  //,/S.  The  values  of  Hl/3  were  computed  by  using  a 
three-frame  running  average  resulting  in  a  spatial  resolution  of 
about  70  km;  the  other  parameters  are  based  on  one-frame 
averages  or  23-km  resolution.  The  pulse  position  /0  appears  to 
decrease  with  decreasing  sea  state  from  approximately  t0  -  2 
ns  to  1  ns  as  is  illustrated  in  Figure  5a.  Figure  5b  illustrates 
typical  values  for  jitter  a,  of  about  8  ns  for  high  sea  states. 
These  values  gradually  decrease  with  decreasing  sea  states  to  4 
or  5  ns.  These  results  are  in  agreement  with  tests  on  the  flight 
model  altimeter.  The  estimates  of  Hll3  using  analog-averaged 
pulse  shapes  exhibit  wider  scatter  than  digital  averages  with  or 
without  jitter  correction.  Therefore  only  the  digital-averaged 
values  are  used  here. 

The  following  criteria  were  applied  to  edit  data  that  might 
bias  the  Hv3  estimates.  First,  and  most  important,  data  associ- 
ated with  large  negative  spikes  in  satellite  altitude  were  edited 
when  the  peak  values  of  the  spikes  were  greater  than  2  m,  e.g., 
see  frames  140,  150,  151,  and  160  of  orbit  2024. 


Two  other  parameters  that  have  indicated  bias  are  t0  and  a 
nonmonotonic  shape  for  the  average  pulse  in  the  plateau  re- 
gion. The  values  of  /„  that  bias  H1/3  are  taken  as  t„  <  I  ns  or  t0 
>  3  ns  as  described  in  Appendix  B.  Deleting  data  based  on 
pulse  shape  may  seem  somewhat  arbitrary;  nevertheless,  useful 
results  were  obtained  after  carefully  analyzing  the  data,  lead- 


ing to  the  criterion  to  delete  data  when  |  /„ 


/. 


>  lOmV 


in  the  plateau  region  where  the  average  values  of  /mai  are 
usually  located  near  gates  1 2  or  13  and  /m,n  near  gates  1 5  or  16. 
The  values  of  /max  and  /mln  were  calculated  every  3.2  s. 

The  criteria  |  /max  —  /m,n  |  >  10  mV  and  t0  <  1  ns  or  t0  >  3  ns 
may  delete  valid  data  occasionally.  For  example,  the  standard 
deviation  of /max  or  7mln  is  1/(320)1/2  =  5.6%  of  the  mean  value 
which  for  typical  plateau  values  of  90  mV  implies  a  standard 
deviation  of  about  5  mV.  Therefore  if  one  gate  is  greater  than 
one  standard  deviation  high  and  another  is  less  than  one 
standard  deviation  low,  valid  data  would  be  deleted. 

Results 

Two  orbits  were  selected  for  estimating  Hi/3  during  high  sea 
conditions.  The  subsatellite  tracks  for  these  orbits  are  shown 
in  Figure  6.  Figure  6a  illustrates  the  track  for  orbit  2024  at 
0100  UT  on  August  31,  1975,  near  hurricane  Caroline.  The 
point  of  closest  approach  to  the  eye  (point  A)  is  about  40  km. 
Figure  6b  illustrates  the  track  for  orbit  4546  when  it  passed 
near  a  low-pressure  system  associated  with  a  North  Atlantic 
storm  at  0800  UT  on  February  25,  1976. 

The  variation  in  Hv3  along  the  ground  track  for  hurricane 
Caroline  shows  the  following  general  variations  provided  the 
data  are  properly  edited  (see  Figure  4c).  The  values  are  nearly 
constant  for  distances  of  300  to  100  km  (frames  140-150)  from 
the  eye;  beyond  this  point,  however,  there  is  a  gradual  trend 
for  HI/3  to  increase  up  to  a  maximum  (frame  156)  about  40  km 
beyond  the  point  of  closest  approach.  The  motion  of  the 
hurricane  toward  the  north  and  west  is  consistent  with  an 
asymmetry  in  Hx/3  around  the  point  of  closest  approach  based 
on  wind-driven  waves,  since  the  counterclockwise  circulation 
causes  larger  winds  in  the  northeast  quadrant  (hurricane  winds 
are  known  to  increase  up  to  a  maximum  corresponding  to  a 
radius  typically  25  km).  For  orbit  2024  the  ground  track  passes 
close  to  the  radius  of  maximum  winds  at  the  point  of  closest 
approach.  These  results  are  in  agreement  with  expected  values 
based  on  wave  model  analysis  of  similar  hurricanes  [Cardone 
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Fig.  5.  Plots  of  altimeter  parameters  from  orbit  4546  in  the  North 
Atlantic,  February  25,  1976.  Heavy  line  represents  Hui  based  on  <r/  = 
7.8  ns.  Light  line  represents  Hu3  based  on  aT  =  6.2  ns  with  a, 
correction.  Here  ar'  =  (aT2  +  a')'". 
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et  al..  1976].  No  ship  reports  were  available  near  the  satellite 
track. 

The  estimates  of  HU3  for  orbit  4546  are  shown  in  Figure  7, 
where  less  data  editing  was  required.  Therefore  a  continuous 
plot  is  available,  illustrating  a  definite  trend:  At  the  beginning 
of  the  orbit  the  wave  heights  are  near  9  m,  increasing  to  about 
10  m  before  gradually  decreasing  to  about  4  m.  The  scatter  in 
the  values  is  considered  to  be  internally  consistent  and  reason- 
able. The  standard  deviation  is  calculated  to  be  about  0.6  m  or 
less  over  the  entire  ground  track.  It  was  based  on  a  quasi-linear 
regression  analysis,  the  data  being  separated  into  three  linear 
segments. 

Ship  reports  and  surface  weather  maps  (available  from 
NOAA/EDS,  National  Climate  Center,  Asheville,  North  Car- 
olina, 28801)  are  compared  with  orbit  4546.  The  (0600  UT) 
northern  hemisphere  surface  chart  was  analyzed  for  February 
25,  as  well  as  the  charts  from  the  2  previous  days,  along  the 
subsatellite  path.  Both  the  isobar  contours  and  the  ship  reports 
were  used  to  estimate  the  magnitude  of  the  wind.  The  winds 
near  the  northern  coast  of  Scotland  had  been  blowing  for  50 
hours  with  velocities  of  about  20  m/s.  Therefore  the  waves 
were  considered  to  be  fully  developed  or  nearly  fully  devel- 
oped; see,  for  example,  Kinsman  [1965].  Wave  heights  for  a 
fully  developed  sea  correspond  to  a  nondimensional  peak  fre- 
quency v  =  0.13  as  given  by  Hasselmann  et  al.  [1976]  and 
adjusted  by  Pierson  [1977]: 
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Fig.  6.  Surface  maps  of  subsatellite  (racks,  (a)  Orbit  2024,  Gulf  of 
Mexico.  Point  A  indicates  the  location  of  the  hurricane  eye  (frame  154 
corresponds  to  point  of  closest  approach),  (b)  Orbit  4546,  North 
Atlantic.  Flags  indicate  surface  winds.  Points  A,  B,  and  C  indicate 
location  of  ship  weather  reports. 
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Fig.  7.  Plot  of  significant  wave  height  and  surface  winds  along 
subsatellite  path  for  orbit  4546  in  the  North  Atlantic,  February  25, 
1976.  H,/3  is  corrected  for  instrument  jitter.  Light  lines  show  paramet- 
ric model  fit  to  HU3.  Points  A,  B,  and  C  correspond  to  the  points  of 
closest  approach  to  the  ship  weather  reports. 


where  t/10  is  the  wind  speed  referred  to  a  height  of  10  m.  The 
surface  winds  taken  at  a  10-m  height  are  assumed  to  be  equal 
to  the  winds  reported  in  the  surface  charts.  Hasselmann's 
parametric  model  defines  the  wave  height  in  terms  of  two 
parameters,  v  and  Ul0\  however,  his  model  considers  only 
wind-driven  waves.  When  wind  wave  heights  are  small,  swell 
wave  heights  may  be  dominant.  Ship  reports  were  used  in 
conjunction  with  wind  wave  heights  based  on  the  parametric 
model  to  determine  that  the  swell  probably  did  not  contribute 
significantly  to  the  wave  height  for  the  ground  track  consid- 
ered here. 

The  estimated  values  of  the  surface  winds  along  the  satellite 
track  are  given  in  Figure  7.  The  corresponding  wave  heights 
for  the  wind-driven  sea  are  given  using  (13)  for  three  values  of 
peak  frequency,  v  =  0.13,  0.14,  and  0.16.  The  fully  developed 
case  implies  a  20-m/s  wind  blowing  over  a  long  fetch  for 
approximately  36-48  hours.  That  is  consistent  with  the 
weather  maps  off  the  northern  coast  of  Scotland.  In  contrast, 
v  =  0.14  and  v  =  0.16  represent  lower  wave  heights  and  shorter 
duration  winds.  The  dotted  lines  in  Figure  7  refer  to  the 
portion  of  the  analysis  when  the  wind  waves  are  small  and  the 
Hi, s  measurements  deviate  from  the  model  values.  On  the 
basis  of  the  available  surface  truth  and  the  results  of  Figure  7, 
the  wave  height  is  overestimated  when  HV3  <  4  m;  this  dis- 
crepancy is  thought  to  be  caused  by  bias  error  which  is  known 
to  be  more  sensitive  to  the  lower  wave  heights.  Other  analysis 
methods  and/or  a  slight  adjustment  of  aT  could  decrease  this 
discrepancy. 

The  statistical  significance  of  the  //,/s  estimates,  analyzed  in 
terms  of  the  regression  slope  variance,  is  discussed  in  Appen- 
dix C.  When  //1/s  >  4  m,  the  estimates  of  HV3  are  within  ±  1  m 
for  75%  of  the  data.  For  this  analysis,  three  frames  were 
averaged  for  each  data  point  which  corresponds  to  spatial 
averaging  over  70  km. 

Conclusions 

A  method  of  analyzing  the  Geos  3  radar  altimeter  pulses  has 
been  developed  which  gives  estimates  of  Hi/3  with  sufficient 
accuracy  for  global  measurements,  provided  Hi/3  5  4  m.  How- 
ever, this  method  requires  that  the  altimeter  data  be  properly 
edited  to  ensure  this  accuracy. 

The  small  scatter  in  Hl/3,  standard  deviation  of  0.6  m  or  less, 
is  in  reasonable  agreement  with  the  statistical  analysis,  ±1  m 
of  the  true  values  75%  of  the  time. 

The  bias  errors  in  significant  wave  height  are  more  sensitive 
to  the  analysis  method  including  transmitter  pulse  width  for 
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the  lower  wave  heights.  The  sensitivity  to  these  errors  should 
be  improved  with  narrower  pulse  altimeters  such  as  the  one 
scheduled  for  launch  on  Seasat-A  in  May  1978.  Indeed,  the 
method  employed  here  may  be  useful  in  developing  techniques 
for  analyzing  altimeter  pulses  from  the  Seasat-A  satellite 
scheduled  for  launch  in  May  1978. 

Appendix  A.  Statistical  Analysis  of  Individual  Pulses 

The  purpose  of  this  work  has  been  to  infer  significant  wave 
height  from  average  pulse  shape.  However,  additional  infor- 
mation related  to  sea  state  and  the  validity  of  the  theory  is 
available  from  the  statistical  fluctuations  of  the  individual 
pulses.  Furthermore,  these  fluctuations  can  indicate  when  the 
altimeter  is  operating  properly.  The  statistical  analysis  is  sepa- 
rated into  two  categories:  (1)  the  correlation  analysis  between 
individual  pulses  and  gates  and  (2)  the  moments  of  the  ampli- 
tude statistics  of  the  individual  gates. 

The  interpulse  and  intergate  correlation  analyses  are  useful 
in  assessing  the  validity  of  theoretical  assumptions  and  in 
checking  on  the  spacing  of  the  16  sampling  gates,  respectively. 
The  interpulse  correlation  analysis  is  useful,  since  one  would 
expect  that  the  amplitudes  of  the  square  law  detected  return 
pulses  are  uncorrelated  from  pulse  to  pulse.  Normally,  many 
specular  points  in  the  illuminated  footprints  contribute  to  the 
backscattering,  causing  uniform  distributed  phase  between 
many  instantaneous  pulses  [Berger,  1972].  However,  an  ex- 
ception to  this  could  occur  in  the  gate,  which  measures  the 
backscattered  energy  when  the  pulse  first  intersects  the  top  of 
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Fig.  Al.  Typical  example  for  moments  of  statistical  amplitude 
distribution,  and  intergate  and  interpulse  correlation  coefficients  for 
four  individual  frames.  Upper  plot  is  average  pulse  shape,  first-order 
moment;  lower  plots  correspond  to  second-,  third-,  and  fourth-order 
moments  and  correlation  coefficients. 


the  sea  surface,  i.e.,  when  it  has  encountered  only  a  few  specu- 
lar points.  Theoretically,  one  would  expect  a  detectable  corre- 
lation in  this  one  gate  only  for  a  sea  with  very  long  dominant 
waves,  where  the  distance  between  specular  points  is  large.  But 
with  the  Geos  3  altimeter  such  a  correlation  may  not  be 
detectable,  because  even  after  correcting  for  jitter  of  the  posi- 
tion of  the  gates,  the  1.56-ns  quantization  level  results  in  an 
indeterminacy  of  the  illuminated  area  of  1.18  km2  from  pulse 
to  pulse.  Even  for  large  swell  the  pulse  most  likely  illuminates 
at  least  5-10  specular  points,  which  assuming  uniform  distrib- 
uted phase  is  usually  sufficient  to  approach  Gaussian  statistics. 

The  intergate  correlation  analysis  is  one  method  of  estimat- 
ing the  relative  location  of  the  individual  gates.  Indeed,  an 
abnormally  low  intergate  correlation  coefficient  would  imply  a 
larger  than  normal  spacing  between  adjacent  gates.  The  nomi- 
nal altimeter  design  specifications  are  gates  12.5  ns  wide, 
spaced  6.25  ns  apart. 

The  correlation,  for  example,  between  gates  1  and  2  is 
calculated  by  using 
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/,;,  Iv  are  the  instantaneous  energies  in  gates  1  and  2, 
respectively.  A  similar  procedure  was  used  to  calculate  other 
intergate  and  the  interpulse  correlation  coefficients. 

Figure  Al  illustrates  typical  variations  in  the  correlation 
coefficients  and  statistical  moments  for  four  different  sets  of 
data.  Two  sets,  designated  as  frames  20  and  21,  were  selected 
for  low  seas,  //,/3  <  4  m,  whereas  the  remaining  two  sets  of 
data  were  selected  at  times  of  higher  seas,  H1/3  =  8  m.  Frame 
64  is  typical,  whereas  frame  63  is  associated  with  a  large 
negative  spike  in  satellite  altitude.  These  spikes  have  pre- 
viously been  considered  to  bias  the  estimates  of  Hi/3.  Plot  a 
shows  the  average  pulse  shape,  first  moment,  for  the  four  data 
sets,  whereas  plot  e  illustrates  the  variation  in  the  interpulse 
correlation  as  a  function  of  delay  time  or  gate  number.  The 
correlation  coefficients  for  the  noise  gates  1-6  and  the  plateau 
gates  13-16  are  smaller  than  those  for  the  transitionary  gates 
7-12,  which  have  typical  values  of  0.2-0.3.  However,  an  ex- 
ception occurs  at  times  of  large  negative  spikes  in  satellite 
altitude  as  illustrated  by  frame  63,  which  displays  coefficients 
0.4-0.6  in  the  noise  gates.  Therefore  the  interpulse  correlation 
is  considered  a  useful  indicator  of  negative  spikes  in  altitude. 
Plot  f  illustrates  the  variation  in  intergate  correlation.  Again 
the  larger  correlation  for  frame  63  is  evident  although  not  as 
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pronounced.  The  consistent  unexpected  decrease  in  correla- 
tion between  gates  13  and  14  and  the  increase  in  correlation 
between  gates  12  and  13  are  interpreted  as  a  mislocation  of 
gate  13  such  that  it  is  nearly  in  the  same  location  as  gate  12. 
The  remaining  lower  plots  illustrate  the  variations  in  the  indi- 
vidual gate  amplitude  distributions.  The  expected  values  based 
on  Gaussian  statistics  and  the  square  law  detector  result  in  an 
exponential  distribution  for  the  individual  gates.  The  expected 
values  for  the  first  four  moments  are  given  in  Table  A 1 .  The 
second  moment  is  a  first  indicator  of  how  close  the  amplitude 
statistics  can  be  approximated  by  exponential  distribution, 
since  the  mean  equals  the  standard  deviation  for  this  distribu- 
tion. The  large  values  of  the  second  moment  for  the  noise  gates 
should  be  ignored,  since  (I)  may  be  =0  for  these  gates.  The 
third  moment,  skewness,  and  the  fourth  moment,  kurtosis, 
give  more  detailed  information  about  the  amplitude  statistics. 


These  parameters  are  higher  for  the  high  sea  state  conditions, 
which  suggests  that  they  may  be  a  measure  of  sea  state, 
changes  in  altitude,  or  perhaps  some  other  related  effect. 

Appendix  B.    Observational  Biases  in  Hl/3  Estimates 

Some  scatter  in  the  values  of  HU3  is  expected  because  the 
results  are  only  estimates  of  the  true  values.  The  statistical 
significance  of  the  estimates  can  be  calculated  (see  Appendix 
C).  The  purpose  of  this  section  is  to  show  that  other  systematic 
factors  can  bias  these  HV3  estimates. 

The  results  for  orbits  2024  and  4546  were  carefully  analyzed 
in  an  attempt  to  determine  if  a  relationship  could  be  found 
between  the  large  positive  and/or  negative  excursion  from  the 
trends  in  HU3  and  other  altimeter-related  parameters.  This 
analysis  showed  a  definite  relationship  between  both  positive 
and  negative  excursions  in  HU3,  hereafter  designated  AH1/3, 
and  the  position  of  the  average  received  pulse,  t0.  Figure  Bl 
illustrates  the  correlation  between  AHi/3  and  r„  for  orbit  4546; 
indeed,  typical  pulse  positions  are  2  ns,  larger  delays  being 
associated  with  positive  excursions  of  HU3  and  smaller  delays 
with  negative  excursions.  The  correlation  between  A//1/3  and  f„ 
as  illustrated  in  Figure  Bl  is  0.78  provided  that  only  values 
associated  with  t0  >  3  ns  and  t0  <  1  ns  are  considered  in  the 
analysis.  Therefore  the  largest  and  smallest  values  of /„  bias  the 
estimates  of  HU3.  The  data  associated  with  t0  >  3  ns  and  t0  <  1 
ns  were  deleted  from  the  data  analyzed  here. 

Appendix  C.    Statistical  Significance  of  Hu3  Estimates 

The  random  variations  in  the  estimates  of  Hui  are  impor- 
tant in  determining  the  measurement  accuracy  of  the  altimeter. 
The  estimates  of  H1/3  are  obtained  by  a  least  square  fit  of  an 
error  function  to  five  data  points  defining  the  pulse  shape  near 
its  midrange.  The  argument  of  the  error  function  is  related  to 
H\/3  by  (9)  and  (10).  The  purpose  of  this  section  is  to  deter- 
mine the  statistical  significance  of  the  estimates.  However, 
since  a  direct  method  using  the  error  function  is  mathemati- 


TABLE  CI.     Statistical  Analysis 

of  Regression  Line 

for  //„„  Orbit  2024 

Standard 

Standard 

Deviation 

Deviation 

of  Slope 

of//1/s 

75%  Confidence  Limits 

Slope  Estimate 

Estimate  S(b), 

Estimates 

Frame 

b,  mV/ns 

mV/ns 

Constantt/ 

S(Hl/t),m 

Lower 

Upper 

tfi/s.  m 

138 

3.26 

0.34 

1369 

2.18 

-2.3 

6.72 

2.21 

139 

3.37 

0.24 

1436 

1.40 

-0.59 

5.21 

2.31 

140 

3.02 

0.30 

1402 

1.52 

0.48 

6.76 

3.62 

141 

3.05 

0.23 

1380 

1.10 

1.38 

5.94 

3.66 

142 

3.33 

0.25 

1425 

1.39 

-0.38 

5.37 

2.49 

143 

3.02 

0.25 

1425 

1.18 

1.52 

6.40 

3.96 

144 

3.45 

0.26 

1391 

3.05 

-5.27 

7.35 

1.04 

145 

3.23 

0.21 

1414 

1.03 

0.95 

5.21 

3.08 

146 

2.35 

0.20 

1380 

1.08 

4.82 

9.28 

7.05 

147 

3.23 

0.21 

1391 

1.07 

0.71 

5.13 

2.92 

148 

2.90 

0.20 

1369 

0.90 

2.61 

6.33 

4.47 

149 

3.14 

0.23 

1391 

1.13 

0.96 

5.64 

3.30 

150 

2.87 

0.22 

1380 

1.02 

2.42 

6.64 

4.53 

151 

2.87 

0.24 

1380 

1.14 

2.08 

6.80 

4.44 

152 

2.96 

0.20 

1369 

0.94 

2.08 

5.97 

4.03 

153 

2.46 

0.15 

1369 

0.76 

4.98 

8.12 

6.55 

154 

2.76 

0.17 

1406 

0.79 

3.55 

6.81 

5.18 

155 

2.32 

0.15 

1376 

0.83 

5.49 

8.93 

7.21 

156 

2.25 

0.21 

1421 

1.21 

5.28 

10.3 

7.78 

157 

2.19 

0.15 

1440 

0.94 

5.94 

9.82 

7.78 

158 

2.49 

0.15 

1428 

0.76 

5.02 

8.16 

6.59 

159 

2.50 

0.19 

1325 

0.96 

4.07 

8.04 

6.06 
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cally  complicated,  for  simplicity  a  linear  regression  analysis  is 
applied  and  shown  to  be  a  good  approximation. 

If  two  variables  can  be  correlated  linearly,  the  regression 
coefficient  is  the  slope  of  the  line  used  to  correlate  the  vari- 
ables. We  are  interested  in  the  estimated  deviations  of  this 
slope  which  can  easily  be  related  to  //,/8.  If  higher-order  corre- 
lation is  required  (i.e.,  terms  of  order  higher  than  linear  can  be 
obtained  by  using  a  series  expansion  of  the  error  function), 
then  a  least  square  error  analysis  would  give  regression  coeffi- 
cients for  each  of  the  higher-order  regression  coefficients,  a  so- 
called  curvilinear  regression  analysis.  The  curvilinear  method 
is  useful,  since  it  permits  the  stepwise  removal  of  each  succes- 
sive lower  degree  of  the  error  function  series  expansion  such 
that  the  calculation  can  be  terminated  at  any  level  when  the 
regression  is  adequate.  Therefore  in  practice  one  need  show 
only  that  the  first  few  higher-order  terms  are  small  in  com- 
parison with  the  first-order  (linear)  term  to  establish  that  the 
linear  regression  is  a  valid  method  of  determining  the  con- 
fidence bounds. 

The  curvilinear  regression  analysis  was  applied  to  selected 
frames  of  data  from  orbit  2024  by  using  a  method  described  by 
Volk  [1969].  The  results  showed  that  second-degree  and  third- 
degree  terms  may  be  removed  with  negligible  error.  Therefore 
a  linear  regression  analysis  is  deemed  sufficient  to  determine 
the  statistical  significance  of  the  HV3  estimates.  The  error  bars 
are  obtained  by  applying  a  standard  regression  analysis,  in 
terms  of  the  least  squares  line  I  =  a  +  bt,  over  the  range  of  the 
five  data  points,  where  b  is  the  slope  estimate  or  regression 
coefficient.  The  results  of  this  analysis  give  a  correlation  coeffi- 
cient between  0.98  and  0.99,  which  is  in  agreement  with  the 
curvilinear  regression  result  that  only  linear  regression  is  re- 
quired. The  regression  analysis  gives  the  standard  deviation  of 
this  slope  estimate,  S(b).  However,  a  transformation  is  re- 
quired to  convert  to  the  standard  deviation  of  Hu3,  S(Hll3). 
Using  (10)  in  a  slightly  different  form  we  have 

Hv3  =  0.6{d/b*  -  (aT')T2  (CI) 

where  d  =  [(/„  -  /_„)2]/2ir  and  aT'  =  7.8  ns.  Then,  using 
S(HU3)  =  {dHv,/db)S(b),  we  obtain 


S(Hl/3) 


0.364 
b3Hl/3 


S(b) 


(C2) 


Table  CI  shows  the  relevant  statistical  parameters  for  each 
frame  of  orbit  2024.  The  confidence  limits  are  given  as  Hl/3  ± 
tS(Hl/3),  which  for  a  75%  chance  of  being  within  the  range  Hl/3 
±  tS(Hv3)  gives  l  =  2.069.  The  results  in  Table  CI  illustrate 
the  high  percent  of  change  in  the  confidence  limits  for  the 
lower  sea  states.  Furthermore,  the  lowest  values  of //1/s,  such 
as  the  value  for  frame  1 40,  which  are  normally  deleted  from 
the  analysis  using  the  editing  criteria  discussed  above,  give  the 


most  unreliable  estimates  of  Hu3.  The  estimates  of  Hu3  can  be 
considered  to  be  statistically  significant  within  about  ±2  m  for 
75%  of  the  data  when  //1/3  >  4  m  for  spatial  averaging  over  23 
km. 

The  H„3  estimates  are  statistically  more  significant  for  orbit 
4546,  since  a  running  average  of  three  points  (frames)  was 
used.  Indeed,  S(HV3)  will  be  smaller  by  a  factor  (3)'/2,  i.e., 
S3(Hi/3)  =  0.5775,(//1/3),  or  in  other  words  the  confidence 
interval  will  be  reduced  by  a  factor  of  about  2  from  the  values 
of  Table  CI.  When  HU3  >  4  m,  the  estimates  of  H1/3  can  be 
considered  to  fall  within  ±  I  m  for  75%  of  the  data  for  spatial 
averaging  over  70  km. 
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The  accuracy  of  water  vapor  and  cloud  liquid  determination  by  dual-frequency  ground-based  microwave 
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Boulder,  Colorado  80302 

(Received  September  6,  1977.) 

A  dual  frequency  ground-based  radiometer  operating  in  the  Lto  1.4  cm  wavelength  range  can 
provide  continuous  measurements  of  integrated  water  vapor  and  cloud  liquid  water.  Using  climato- 
logical  data,  the  accuracy  of  the  vapor  and  liquid  determinations  is  estimated  as  a  function  of 
cloud  amount.  Limiting  factors  in  the  water  determination  are  uncertainties  in  water  vapor  absorption 
coefficients  and,  during  cloudy  conditions,  uncertainties  in  cloud  temperature.  For  integrated  water 
vapor  content  greater  than  10  mm,  the  accuracy  of  the  vapor  determination  is  better  than  15% 
for  a  wide  range  of  cloudy  conditions. 


1.     INTRODUCTION 

Total  precipitable  water  is  an  important  compo- 
nent of  many  moisture-related  processes  in  the 
atmosphere.  For  example,  the  occurrence  of  con- 
vective  clouds  and  precipitation  is  closely  related 
to  the  amount  of  water  vapor  in  the  layer  from 
the  surface  to  400  mb  [Battan  and  Kassander, 
1960] .  Consequently,  measurements  of  integrated 
vapor  have  been  used  in  the  design  of  cloud  seeding 
experiments  [Dennis  and  Koscielski,  1969] .  Con- 
tinuous observations  of  this  quantity  may  also  be 
useful  in  operational  precipitation  forecasting,  and 
in  meteorological  research  applications  such  as  the 
estimation  of  water  vapor  flux  into  convective  cells 
[Leichter  and  Dennis,  1974] .  Other  problems  that 
require  integrated  water  vapor,  although  not  neces- 
sarily in  the  zenith  direction,  include  electrical  path 
length  correction  [Westwater,  1967;  Schaper  et  ah, 
1970] ,  and  real-time  prediction  of  transmission  for 
both  infrared  and  millimeter  wave  propagation. 

At  the  present  time,  precipitable  water  V  can 
be  measured  in  several  ways.  Operationally,  V  can 
be  obtained  by  integrating  radiosonde  soundings 
and  can  be  estimated,  between  soundings,  by  sta- 
tistical regression  of  surface  observations  [Reitan, 
1963;  Tomasi,  1977] .  However,  single  wavelength 
radiometric  observations  of  precipitable  water,  ob- 
tained during  clear  conditions,  have  indicated  fre- 
quent occurrences  in  which  the  total  water  content 
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changed  by  50%  in  periods  of  one  or  two  hours 
and  during  which  either  the  surface  moisture  re- 
mained nearly  constant  [Gurvich  et  al,  1972]  or 
the  emission  showed  no  correlation  with  surface 
dew  point  temperature  [Fogarty,  1975] .  Clearly, 
under  such  conditions  prediction  from  surface 
conditions  is  unreliable.  Another  measurement 
technique,  and  one  that  gives  both  good  accuracy 
and  continuity  in  time,  uses  the  spectral  hygrometer 
to  infer  V  from  the  infrared  attenuation  of  solar 
radiation  [Tomasi  et  al.,  1974].  However,  this 
method  is  strongly  affected  by  dense  clouds,  re- 
quires an  assumption  of  horizontal  stratification, 
and  is  restricted  to  daytime.  Aircraft  soundings, 
using  a  microwave  cavity  refractometer  and  a  tem- 
perature sensor  [Gilmer  et  al.,  1965],  are  capable 
of  high  accuracy  in  point  measurements,  but  are 
too  expensive  for  routine  observations  and  are  not 
ideal  for  vertical  soundings. 

None  of  the  above  techniques  is  completely 
appropriate  for  long-term,  continuous,  and  near 
all-weather  operation.  Because  of  its  operational 
simplicity  and  its  proven  performance  in  such  areas 
as  long-term  attenuation  monitoring,  microwave 
radiometry  seems  ideally  suited  for  routine  moni- 
toring of  moisture  and  its  changes  with  time. 

The  relationship  between  microwave  thermal 
emission  and  atmospheric  moisture  was  first  ob- 
served by  Dicke  et  al.  [1946].  Although  most  of 
their  measurements  were  taken  during  clear  condi- 
tions, they  mentioned  that  some  cumulus  clouds 
were  quite  absorbing  at  centimeter  wavelengths. 
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Subsequently,  Barrett  and  Chung  [1962]  and  Staelin 
[1966]  discussed  the  determination  of  profile  in- 
formation from  multispectral  emission  or  extinction 
observations.  In  addition,  Staelin  discussed  the 
possibilities  of  simultaneous  vapor  and  cloud  liquid 
determination.  These  possibilities  were  experi- 
mentally demonstrated  by  Toong  and  Staelin  [1970] 
who  obtained  vapor  and  cloud  liquid  from  emission 
observations  at  five  frequencies.  In  addition,  the 
Russian  literature  contains  many  descriptions  of 
experimental  determinations  of  vapor  and  liquid 
[Plechkov,  1968;  Gorelik  et  al,  1973;  Yershov  and 
Plechkov,  1977] .  For  down-looking  systems,  Ro- 
senkranz  et  al.  [1972]  gave  accuracy  estimates  for 
radiometric  moisture  determination. 

In  spite  of  the  large  amount  of  work  on  the 
problem,  several  important  questions  have  not  been 
addressed  in  the  literature.  Among  these  are  the 
following:  What  is  the  range  of  cloud  amounts  over 
which  useful  vapor  determinations  can  be  obtained 
and,  hence,  what  degree  of  reliability  can  dual 
frequency  systems  be  expected  to  have?  What 
effects  do  errors  in  molecular  absorption  parameters 
have  on  the  vapor  determination,  and  how  can  these 
errors  be  minimized?  What  are  optimum  frequencies 
for  the  system? 

To  answer  these  questions  we  describe  below 
our  accuracy  estimates  of  radiometric  determination 
of  liquid  and  vapor.  These  results  imply  that,  even 
with  present  uncertainties  in  absorption  calculation, 
accuracies  usually  better  than  15%  can  be  achieved 
for  a  wide  range  of  cloudy  conditions. 


2.     DETERMINATION  OF  INTEGRATED  WATER  VAPOR 

AND  CLOUD  LIQUID  FROM  RADIOMETRIC 

OBSERVATIONS 

Under  conditions  of  low  attenuation  (optical 
depth  *sl),  total  absorption  can  be  derived  from 
atmospheric  emission  [Hogg  and  Chu,  1975] .  This 
absorption  can,  in  turn,  be  directly  related  to  corre- 
sponding amounts  of  integrated  water  vapor  V  and 
cloud  liquid  L.  As  discussed  by  Staelin  [1966] 
measurements  of  low  attenuation  at  a  vapor-sensi- 
tive frequency  and  a  cloud-sensitive  frequency 
allow  separation  of  the  two  water  phases.  Various 
separation  algorithms  are  possible  [Staelin,  1966; 
Grody,  1976];  we  briefly  describe  a  physically 
transparent  method  in  which  the  effect  of  uncer- 
tainties (both  in  measurement  and  of  physical  con- 
stants) can  easily  be  evaluated. 


If  the  total  atmospheric  transmission  at  frequency 
v  is  written  as  exp(— tv),  then  measurements  of 
microwave  brightness  temperature  Tb  v  can  be  con- 
verted to  this  opacity  t„  by 


Tv=-M(Tmr-Tbv)/(Tmr-Tbb)) 


(1) 


where  Tbb  is  the  cosmic .  background  "big  bang" 
brightness  temperature  equal  to  2.8  K,  and  Tmr  is 
an  estimated  "mean  radiating  temperature."  For 
nonprecipitating  clouds,  we  can  write 


V  + 


L  +  Tj 


(2) 


where  kVv  and  kLv  are  path-averaged  mass  absorp- 
tion coefficients  of  vapor  and  liquid,  and  rdv  is 
the  dry  absorption,  since  microwaves  interact  only 
weakly  with  ice  clouds  [Staelin  et  al.,  1975] ,  their 
effect  is  neglected  here.  From  measurements  at 
two  frequencies,  we  can  form  two  equations  and 
solve  for  the  two  unknowns  V  and  L: 


"   ~   \KLuJl  KLlJu)l\KVI   KLu  KVu  KLl) 

L   =   \KYuJI  "*■   K  VU  u)  I  \KYI  K  Lu   ~   KVu  KLl) 

where 


/>-i 


In  [{Tmr  -  Tbv)/{Tmr  -  Tbb)] 


(3) 


(4) 


(5) 


for  v  —  I,  u.  In  (3),  (4),  and  (5),  we  use  the  notation 
/  and  u  to  refer  to  lower  (water-vapor-sensitive) 
and  upper  (liquid-water-sensitive)  frequencies. 
Physically,  fv  is  a  measure  of  the  opacity  at  v  from 
water  vapor  and  cloud  liquid.  Observe  that  in  (3), 
the  estimate  of  V  depends  only  on  the  ratio  of  kLu 
and  ku  and  not  on  their  absolute  values.  The 
implication  of  this  when  measuring  water  vapor 
in  the  presence  of  light  rain  is  discussed  in  the 
next  section. 

As  discussed  in  section  3,  (3)-(5)  can  be  used 
to  derive  V  and  L  from  measurements  of  Tb.  This 
first  requires  the  calculation  of  mass  absorption 
coefficients  and  dry  attenuation  from  a  model 
profile  of  the  vertical  temperature,  pressure,  and 
humidity  distributions. 


3.     FACTORS  CONTRIBUTING  TO  ERROR  IN 

RADIOMETRIC  DETERMINATION  OF  LIQUID  AND 

VAPOR 

Radiometric  determination  of  V  and  L  requires 
both  the  physical  measurement  of  radiation  and 
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TABLE  1.     Calculations  of  mean  (k^)  and  standard  deviation  ct  of  water  vapor  absorption  coefficient. 


A.    Weather  ship  D 

Frequency  (GHz) 

19.35 

20.6 

21.5 

22.0 

22.235 

31.65 

k,,,  (nepers  per  cm  of  H20) 

.02503 

.04239 

.06032 

.06867 

.07099 

.02562 

ct(k>/i,)  (nepers  per  cm  of  H20) 

.00027 

.00033 

.00124 

.00180 

.00190 

.00065 

(ct/k)  (percent) 

1.08 

0.78 

2.06 

2.62 

2.68 

2.54 

B.    Weather  ship  P 

Kyv  (nepers  per  cm  of  H20) 

.002504 

.04280 

.06139 

.07013 

.07259 

.02556 

ct(k^,,)  (nepers  per  cm  of  H20) 

.00034 

.00022 

.00157 

.00241 

.00252 

.00058 

(ct/k)  (percent) 

1.35 

0.51 

2.56 

3.44 

3.47 

2.27 

the  estimation  of  a  number  of  quantities  entering 
into  (3)-(5).  A  small  uncertainty  e,  in  any  of  these 
parameters  pt  contributes  to  the  total  uncertainty 
in  V,  for  example,  an  amount  (dV/dpt)er  We 
examine  below  the  uncertainty  in  each  of  these 
factors. 

Errors  in  mean  radiating  temperature  ( Tmr).  The 
zenith  thermal  emission  depends  on  the  vertical 
distributions  of  temperature  and  composition  and, 
hence,  the  true  Tmr  cannot  be  determined  unless 
these  distributions  are  known.  However,  using 
climatological  and /or  surface  meteorological  mea- 
surements to  estimate  Tmr,  we  have  found  that, 
over  the  frequency  interval  15-35  GHz,  the  standard 
deviations  of  this  quantity  are  typically  about  3-5 
K. 

Errors  in  measurement  of  brightness  tempera- 
ture. Absolute  values  of  water  content  are  related 
to  the  absolute  measurement  of  Tbv\  hence  all  of 
the  many  factors  determining  the  absolute  calibra- 
tion of  the  instrument  will  influence  the  moisture 
determination.  For  many  of  the  calculations  of 
section  4,  we  assume  an  uncertainty  in  brightness 
temperature  measurement  of  ±0.5  K. 

Uncertainties  in  dry  attenuation.  For  a  given 
location  and  season,  dry  attenuation  varies  about 
5%  due  to  changes  in  temperature  and  pressure. 
With  knowledge  of  surface  pressure  and  tempera- 
ture, some  of  this  variation  can  be  predicted. 
Another  source  of  uncertainty  in  dry  attenuation 
is  the  inaccuracy  in  calculating  the  dry  absorption 
coefficients  as  a  function  of  temperature  and  pres- 
sure. Our  calculations  agree  to  within  about  10% 
with  measurements  at  6  GHz  by  Hogg  and  Semplak 
[1961]  and  with  those  of  Altshuler  et  al.  [1968] 
at  15  GHz. 

Errors  in  water  vapor  attenuation  coefficients. 
As  in  the  case  of  dry  absorption,  errors  in  effective 
water  mass  attenuation  coefficient  arise  in  two 


fundamentally  different  ways:  first,  through  uncer- 
tainties in  molecular  constants,  spectral  line  shape, 
etc.;  and  second,  through  variations  in  the  vertical 
absorption  profile  that  cannot  be  predicted  climato- 
logically. 

To  determine  typical  ranges  of  variation  of  kVv, 
means  and  standard  deviation  of  the  quantity  were 
calculated  from  a  data  base  of  radiosonde  soundings 
from  two  weather  ships  taken  during  the  years 
1967-1968.  The  climatological  variation  of  each  of 
these  stations,  ship  D  in  the  North  Atlantic  (44°N, 
41°W)  and  ship  P  in  the  Gulf  of  Alaska  (50°N, 
145°W),  was  large.  The  statistical  results  are  shown 
in  Table  1.  For  frequencies  less  than  ~31  GHz, 
the  largest  climatological  variation  in  water  vapor 
mass  absorption  coefficient  k  Vv  occurs  at  the  reso- 
nant frequency  v  =  22.235  GHz.  Note  also  the 
reduced  variation  at  20.6  GHz. 

As  discussed  by  Waters  [1976],  the  absorption 
by  molecular  water  vapor  is  not  completely  under- 
stood, particularly  in  the  windows  between  resonant 
lines.  With  empirical  corrections,  the  discrepancy 
between  measured  and  calculated  absorption  can 
be  reduced  to  within  10%.  Another  source  of  error 
is  the  value  of  the  line  width  constant  and  its 
temperature,  pressure,  and  humidity  dependence. 
For  example,  Becker  and  Autler's  [1946]  measure- 
ments of  water  vapor  absorption  lead  to  a  line  width 
constant  of  water  vapor,  broadened  by  one  atmo- 
sphere of  dry  air,  of  2.78  GHz  (T  =  300  K).  Liebe's 
[1969]  measurement  of  the  same  quantity  by  dis- 
persion spectroscopy  yielded  AvH  0_AIR  =  2.87  GHz 
(T=  300  K),  whereas  the  value  suggested  by  Waters 
[1976]  is  2.96  GHz.  Calculations  of  the  water  vapor 
mass  absorption  coefficient  for  changes  of  ±10% 
in  Av  are  shown  in  Figure  1.  The  results  shown 
were  calculated  for  the  Van  Vleck-Weisskopf  line 
shape,  using  the  parameters  of  Liebe  [1969],  and 
for  the  Zhevakin-Naumov-Gross  line  shape  using 
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Fig.  1.  Calculations  of  water  vapor  mass  absorption  coefficient  for  ±10%  change  of  line  width 
constant  Av0.  1  =  line  width  increased  by  10%,  2  =  original  line  width,  3  =  line  width  decreased 

by  10%.  For  details,  see  text. 


the  parameters  of  Waters  [1976] .  Note  that  around 
20.6  and  24.4  GHz,  the  absorption  changes  little 
for  the  different  line  widths.  In  addition,  the  dif- 
ferences in  absorption  for  the  two  line  shapes  are 
small  at  20.6  GHz.  Thus,  radiometric  observations 
at  the  20.6  GHz  frequency  could  minimize  both 
the  effects  of  uncertainties  in  the  choice  of  line 
width  parameter  and  line  shape,  and  the  effects 
due  to  climatological  variation  of  water  vapor  and 
temperature  profiles. 

Errors  in  cloud  liquid  attenuation  coeffi- 
cient. Measurements  of  the  microwave  dielectric 
constant  of  liquid  water  show  a  strong  dependence 
on  wavelength  and  temperature  [Grant  etal.,  1957]. 
For  the  wavelengths  considered  in  this  paper,  and 
for  nonprecipitating  conditions,  i.e.,  for  maximum 
particle  diameters  less  than  100  u.m,  the  Rayleigh 
equation  may  be  used  to  calculate  the  absorption 
from  the  dielectric  constant  and  the  cloud  water 
content  [Mason,  197 1] .  Such  calculations  show  that 
the  liquid  attenuation  changes  (decreases)  about  2% 
per  °C  (increase)  in  temperature.  However,  the 
sensitivity  to  temperature  is  somewhat  ameliorated 
for  a  two-channel  system  because  of  the  known 
dependence  of  the  attenuation  on  frequency  and 
temperature.  Without  independent  information  on 
such  cloud  parameters  as  base  temperature,  base 
height,  or  thickness,  the  uncertainty  in  average 
cloud  temperature  can  easily  be  ±5°C. 


For  frequencies  greater  than  15  GHz  and  during 
rains  that  contain  an  appreciable  number  of  drops 
whose  diameters  exceed  1  mm,  the  Rayleigh  ap- 
proximation is  not  valid.  Furthermore,  for  the  same 
frequency  restriction  and  for  rain  rates  greater  than 
1  mm/hr,  the  scattering  contributions  to  extinction 
exceed  5%,  so  that  scattering  becomes  increasingly 
important  in  radiative  transfer,  as  either  the  fre- 
quency, or  the  rain  rate,  increases.  However,  Za- 
vody's  [1974]  calculations  at  37  GHz  indicated  that, 
for  rain  attenuation  less  than  ~3  dB,  the  error 
due  to  neglecting  scattering  and  estimating  the 
attenuation  directly  from  emission  is  about  20%. 
As  was  pointed  out  in  section  2,  the  dual-frequency 
vapor  determination  requires  not  the  separate  values 
of  the  upper  and  lower  channel  liquid  attenuation 
but  only  their  ratio.  This  ratio,  calculated  at  22.235 
and  30  GHz,  for  a  rain  rate  of  0.25  mm/hr  differed 
by  about  10%  from  the  ratio  calculated  for  Rayleigh 
particles.  Thus,  in  light  rain,  although  the  Rayleigh 
assumption  could  result  in  an  error  in  liquid  deter- 
mination of  a  factor  of  2  or  3,  the  effect  on  vapor 
determination  would  be  much  less  serious. 


4.     RESULTS 

Proceeding  on  the  assumption  that  cloud  absorp- 
tion is  Rayleigh,  and  by  using  the  standard  statistical 
rule  for  the  propagation  of  errors  of  correlated 
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TABLE  2.     Error  standard  deviations  used  in  evaluating  resultant  errors  in  the  determination  of  water  vapor   V  and  cloud 

liquid  L. 


Vapor 

Liquid 

Mean 

absorption 

absorption 

Dry 

radiating 

Brightness 

Frequency 

coefficient 

coefficient 

attenuation 

temperature 

temperature 

(GHz) 

(percent) 

(percent) 

(percent) 

(K) 

(K) 

20.6 

5.9 

16.6 

10.4 

4.1 

0.5 

22.235 

10.9 

16.5 

10.4 

3.9 

0.5 

31.65 

5.2 

15.7 

10.4 

5.0 

0.5 

variables,  we  have  combined  the  error  factors 
discussed  in  section  3  with  the  appropriate  partial 
derivatives  to  yield  a  resultant  error  in  both  V  and 
L.  The  results  strongly  suggest  that  most,  if  not 


all,  non-precipitating  clouds  will  not  seriously  de- 
grade retrievals  of  water  vapor  V. 

In   determining   suitable    frequencies   for   dual 
channel  remote  sensing,  we  investigated  the  pairs 
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Fig.  2.  Errors  in  the  determination  of  precipitable  water  as  a  function  of  cloud  emission.   1   = 

vapor  determination  with  (20.6,  31.65  GHz)  system,  2  =  vapor  determination  with  (22.235,  31.65 

GHz)  system,  3  =  liquid  determination  with  (22.235,  31.65  GHz)  system,  4  =  relative  accuracy 

in  liquid  with  (22.235,  31.65  GHz)  system.  Error  factors  of  Table  1  are  assumed. 
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(20.6,  31.65)  and  (22.235,  31.65)  GHz.  The  (22.235, 
31.65)  pair  is  already  in  an  operational  sounder 
[Staelin  et  al,  1975];  the  (20.6,  31.65)  pair  uses 
a  channel,  20.6,  at  which  the  error  in  vapor  attenua- 
tion coefficient  is  small.  For  these  frequencies,  the 
error  factors  in  Table  2  were  used  to  evaluate  the 
resultant  errors  in  V  and  L.  The  climatological 
variation  of  the  factors  was  derived  from  two  years 
of  radiosonde  data  obtained  at  weather  ship  D.  The 
total  uncertainties  in  water  vapor  and  dry  absorption 
coefficients  were  determined  by  adding  the  variance 
from  errors  in  molecular  constants  to  the  climato- 
logical variance.  We  used  least-squares  parameter 
fitting  to  the  data  of  Becker  and  Autler  [1946], 
assuming  the  Van  Vleck-Weisskopf  line  shape,  to 


estimate  the  uncertainty  in  calculating  water  vapor 
attenuation,  given  that  temperature,  pressure,  and 
humidity  are  known.  Our  fit  resulted  in  an  rms 
percentage  residual  of  about  7%,  which  is  more 
than  double  the  precision  of  the  Becker- Autler  data. 
We  are  currently  investigating  this  enigma. 

Typical  results  on  overall  accuracy  of  vapor  and 
liquid  retrievals,  for  values  of  average  moisture 
ranging  from  4  to  45  mm,  and  cloud  attenuations 
up  to  15  dB,  are  shown  in  Figure  2  (in  this  and 
subsequent  figures,  relative  accuracy  means  stan- 
dard deviation  divided  by  true  value).  The  reader 
is  cautioned,  however,  that  most  attenuations  great- 
er than  3  dB  are  caused  by  rain;  therefore,  the 
portions  of  the  curves  beyond  this  value  will  not 
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Fig.  3.  Errors  in  the  determination  of  precipitable  water  as  a  function  of  cloud  emission.  Same 
notation  as  in  Figure  2.  Molecular  constants  and  absorption  equations  are  assumed  to  be  correct. 
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apply  in  all  cases.  Several  features  are  evident  from 
this  figure:  (1)  For  clear  skies,  the  20.6  GHz 
frequency  yields  a  better  accuracy  in  V  than  the 
22.235  GHz  frequency;  for  V  >  10  mm,  this  accura- 
cy generally  is  better  than  ~15%.  (2)  At  some 
cloud  density  the  accuracy  for  determining  V  at 
22.235  GHz  will  exceed  that  of  the  lower  channel. 
(3)  Except  for  the  extremes  of  the  cloud  error 
curves,  the  accuracy  of  the  derived  amount  of  cloud 
liquid  is  quite  insensitive  to  the  amount  of  water 
vapor  present.  To  estimate  system  reliability  from 
these  curves,  it  is  necessary  to  know  the  percentage 
of  time  that  cloud  attenuation  levels  (or  excess 
brightness  temperature  levels)  are  exceeded.  Lo  et 
al.  [1975]  reported  attenuation  at  35  GHz  for 
various  types  of  nonprecipitating  clouds.  Even  up 
to  pre-rain  clouds,  the  largest  observed  liquid  atten- 
uation was  2.3  dB.  In  addition,  some  long-term 
statistics  are  available.  For  example,  at  Holmdel, 
New  Jersey,  Wilson  [1969]  determined  that  the 
excess  attenuation  at  30  GHz  exceeded  3  dB  about 
1  %  of  the  time  (for  nighttime  zenith  observations), 
and  it  exceeded  3  dB  2%  of  the  time  for  daytime 
solar  tracking.  Our  extrapolation  to  30  GHz  of 
Bergmann  and  Mutters'  [1976]  observations  of  sky 
brightness  at  13  and  18  GHz,  taken  at  Longmont, 
Colorado,  implies  that  3  dB  would  be  exceeded 
only  about  0.1%  to  0.2%  of  the  time.  Thus,  for 
many  locations  at  least,  these  rather  conservative 
attenuation  estimates  along  with  the  accuracies 
indicated  in  Figure  2  suggest  a  high  degree  of  system 
reliability. 

A  large  component  of  the  total  error  in  water 
vapor  mass  absorption  coefficient  kVv  and  in  dry 
absorption  rdv  is  the  error  due  to  uncertainties  in 
molecular  absorption  equations.  If  theoretical  and 
experimental  developments  would  lead  to  substan- 
tial improvement  of  these  calculations,  then  a  large 
improvement  would  be  obtained  in  the  accuracy 
of  deriving  water  vapor  V  during  clear  and  moder- 
ately cloudy  skies.  To  show  this,  we  repeated  our 
calculations  with  conditions  identical  to  those  of 
Table  2,  except  that  uncertainties  in  path-averaged 
gaseous  absorption  were  from  profile  variation  only, 
molecular  absorption  equations  being  assumed 
exact.  At  the  frequencies  20.6,  22.235,  and  31.65 
GHz,  these  remaining  errors  in  kVv  were  0.8%, 
3.2%,  and  2.6%,  and  those  in  Tdv  were  2.7%,  2.7%, 
and  2.7%.  The  results  are  shown  in  Figure  3.  Note 
that  the  two  water  channels  yield  roughly  the  same 
accuracy  for  clear  conditions,  with  the  22.235  GHz 
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Fig.  4.  Errors  in  the  determination  of  precipitable  water  for 
different  uncertainties  in  cloud  temperature. 


channel  exhibiting  a  clear  superiority  during  cloudy 
conditions.  As  is  evident  by  comparison  with  Figure 
2,  a  large  reduction  in  error  in  V  occurs  when  the 
molecular  component  of  absorption  error  is  elimi- 
nated. 

An  important  factor  in  correcting  V  for  clouds 
whose  31  GHz  attenuation  is  greater  than  ~1  dB 
is  the  average  cloud  temperature.  Curves  of  Figure 
4,  calculated  assuming  no  error  in  molecular  con- 
stants, show  this  accuracy  for  various  standard 
deviations  of  cloud  temperature  hTc.  Thus,  for 
example,  a  standard  deviation  of  1.5  mm  in  V  could 
arise  from  a  cloud  whose  attenuation  is  0.9  dB 
and  whose  temperature  uncertainty  is  7.4  K  or  from 
one  whose  attenuation  is  2.5  dB  but  whose  bTc 
is  1  K.  Similar  calculations  investigating  the  sensi- 
tivity to  noise  levels  in  the  measurement  system 
indicate  that  the  accuracy  in  V  does  not  degrade 
seriously  until  the  brightness  temperature  error 
exceeds  1  K. 


5.     DISCUSSION 

Calculations  indicate  that,  for  31  GHz  cloud 
attenuation  less  than  3  dB,  a  dual  frequency 
ground-based  radiometric  system  can  provide  useful 
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measurements  (usually  within  15%)  of  integrated 
water  vapor  and  cloud  liquid  water.  These  calcula- 
tions, coupled  with  available  attenuation  statistics, 
imply  that  such  a  system  could  operate  98%-99% 
of  the  time  for  many  locations. 

The  clear-air  accuracy  of  such  a  system  is  cur- 
rently limited  by  uncertainties  in  calculation  of  water 
vapor  absorption  as  a  function  of  temperature, 
pressure,  and  water  vapor  concentration.  To  mini- 
mize these  uncertainties,  we  are  designing  a  channel 
at  20.6  GHz,  a  frequency  at  which  uncertainties 
in  absorption  due  to  uncertainties  in  line  width 
constants  are  small.  If,  however,  the  uncertainties 
in  knowledge  of  absorption  were  eliminated,  the 
22.235  GHz  channel  would  be  an  equally  good 
frequency  for  clear-air  probing,  and  a  much  better 
one  for  separating  cloud  from  vapor. 

As  was  shown  in  section  4,  the  cloud  effects 
could  be  considerably  reduced  if  the  effective 
radiating  temperature  of  the  clouds  were  known. 
This  temperature  could  be  much  more  accurately 
estimated  if  the  base  height  (or  base  temperature) 
and  thickness  were  independently  measured.  Base 
heights  can  be  measured  by  a  ceilometer,  base 
temperature  perhaps  by  joint  infrared-microwave 
radiometry,  and  both  height  and  thickness  by  radar. 

The  Wave  Propagation  Laboratory,  National 
Oceanic  and  Atmospheric  Administration,  has  re- 
cently constructed  a  dual-channel  system  at  20.6 
and  31.65  GHz.  After  initial  performance  tests  are 
completed,  the  system  will  be  operated  at  Stapleton 
International  Airport,  Denver,  Colorado,  for  about 
six  months  in  1978.  Later,  the  system  will  be  taken 
to  a  more  humid  location  for  further  tests  and 
evaluation. 

A  complementary  experiment  that  will  indepen- 
dently measure  cloud  attenuation  is  also  being 
designed  by  the  Wave  Propagation  Laboratory  (J. 
B.  Snider,  personal  communication,  1977).  The 
COMSTAR  synchronous  satellites  have  a  continu- 
ously operating  beacon  at  28.5  GHz.  Power  levels 
of  this  extremely  narrow  bandwidth  beacon  will 
be  monitored  at  the  ground  by  a  stable  receiver. 
This  measurement,  coupled  with  simultaneous  mea- 
surements of  emission  in  the  same  direction  and 
at  a  closely  separated  but  nonoverlapping  frequency 
band,  will  provide  estimates  of  both  cloud  radiating 
temperature  and  cloud  attenuation.  Accuracy  esti- 
mates of  J.  B.  Snider  (personal  communication, 
1977)  suggest  that  this  system  can  measure  attenua- 
tion to  within  ±0.25  dB  for  attenuation  less  than 


5  dB,  and  to  within  ±10%  for  attenuation  between 
5  and  10  dB.  The  accuracy  of  the  mean  radiating 
temperature  determination  is  not  high,  being  about 
2.5%  at  an  attenuation  of  3  dB.  If  a  dual-frequency 
system,  say  20.6  and  31.65  GHz,  were  also  pointing 
in  the  satellite  direction,  then  the  estimate  of  cloud 
attenuation  could  receive  independent  confirma- 
tion. The  effects  of  rain  on  the  dual  system  can 
also  be  studied  with  this  experiment. 
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Introduction 


Atmospheric  remote  sensing  —  the  use  of 
radio,  optical,  and  acoustic  techniques  to 
measure  atmospheric  variables  such  as  wind, 
temperature,  or  aerosol  concentration,  along 
a  line,  over  an  area,  or  throughout  a  volume 
—  is  currently  at  the  crossroads,  for  two 
reasons: 

i)   in  the  past,  the  majority  of  remote- 
sensing  techniques  were  little  more 
than  a  gleam  in  a  developer's  eye. 
Today  we  have  in  hand  working  prototypes 
of  many  of  the  more  important  instruments. 

ii)  in  the  past,  techniques  were  being 
developed  in  isolation,  under  conditions 
where  the  research  focus  was  introspec- 
tive, concentrating  on  evaluating  a 
specific  measurement  concept.  Today 
the  field  is  more  outward- looking, 
searching  for  applications,  and  in  some 
instances  adopting  a  top-down  user- 
oriented  approach  toward  developing 
hybrid  systems  responsive  to  the  meteoro- 
logist's needs. 

In  this  paper,  we  briefly  review  this 
field  of  atmospheric  remote  sensing,  empha- 
sizing the  implications  of  recent  progress 
for  air-pollution  meteorology  in  particular. 
We  begin  with  a  general  comparison  of  remote 
sensors  with  in^  situ  instruments  in  Section 
2.  We  follow  this  with  a  discussion  of 
remote  sensing  as  it  is  being  applied  to 
research  problems  in  urban  meteorology,  the 
planetary  boundary  layer  (PBL) ,  and  turbu- 
lence and  diffusion  processes  (Section  3) . 
Section  4  contains  brief  remarks  on  the  use 
of  remote-sensing  data  as  inputs  for  initia- 
lizing and  verifying  numerical  models,  on 
the  transfer  of  remote- sensing  technology 
into  the  operational  sector,  and  on  future 
uses  in  operational  air-pollution  forecast- 
ing.  An  appendix  contains  a  quick  (and 
necessarily  incomplete)  review  of  recent 
hardware  developments  in  remote  sensing  per 
se.   Let  us  note  before  proceeding  further 
that  while  we  have  tried  to  give  a  fair 
perspective  of  progress  within  the  field  as 
a  whole,  we  have  perforce  drawn  heavily  for 


our  specific  illustrations  from  work  at  our 
home  institution.  We  hope  that  any  imbalances 
this  may  have  created  in  the  presentation 
will  be  excused. 

2.   Remote  Sensors  Compared  with  In  Situ 
Instruments 

In  this  section  we  contrast  the  two 
basic  approaches  to  atmospheric  measurement 
—  i_n  situ  instrumentation  and  remote  sensors. 
As  its  name  implies,  the  former  method 
involves  sampling  of  the  medium  in  the 
immediate  vicinity  of  the  instrument,  using 
some  direct  effect  of  the  variable  in  ques- 
tion in  order  to  measure  it  (for  example, 
the  rate  at  which  an  airflow  turns  the  cups 
of  an  anemometer  immersed  in  it,  or  the 
cooling  effect  of  airflow  past  a  hot  wire). 
On  the  other  hand,  remote-sensing  techniques 
make  use  of  the  fundamental  fact  that  the 
interaction  of  radio,  optical,  and  acoustic 
waves  with  the  medium  through  which  they 
propagate  depends  upon  the  properties  of  the 
medium,  and  in  a  known  way.  Thus,  for 
example,  sound  waves  propagate  through  air 
at  a  speed  that  is  determined  by  the  local 
temperature  and  the  local  wind  velocity. 
The  Doppler  shift  introduced  into  a  radio 
wave  by  scattering  from  atmospheric  turbu- 
lence is  proportional  to  the  velocity  of  the 
turbulent  eddies  relative  to  the  radio 
source.   Absorption  of  an  optical  wave 
propagating  through  a  mixture  of  gases 
depends  upon  the  composition  of  the  mixture 
and  its  density  as  well  as  the  frequency  or 
color  of  the  incident  light. 

Passive  remote  sensors  use  observed 
properties  of  existing  radiation  of  natural 
origin  to  draw  inferences  concerning  the 
medium.   For  instance,  microwave  radiometry 
uses  the  spectrum  of  microwave  emissions 
from  the  clear  sky  to  determine  temperature 
and  humidity.   While  this  feature  makes  them 
useful  for  military  purposes,  where  sensor 
detection  is  itself  a  concern,  passive 
sensors  are  generally  much  less  desirable 
than  active  sensors,  which  supply  their  own 
wave  radiation.  This  added  control  gives 
active  sensors  the  edge  in  flexibility, 
improved  spatial  resolution,  and  scanning 
capability. 
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In  general,  because  of  the  difference  in 
complexity  of  the  instruments  and  their 
associated  electronics,  the  cost  of  the  first 
measurement  is  much  greater  for  remote- 
sensing  systems  than  for  the  corresponding  in 
situ  instrumentation.   Even  this  is  not 
always  the  case,  however.   For  example, 
Wyngaard  et  al.  (1978)  describe  the  operation 
of  an  optical  method  for  measuring  surface 
heat  flux  within  the  planetary  boundary  layer 
over  a  line  path.   The  equipment  for  the 
optical  measurement  cost  several  thousand 
dollars,  compared  with  a  figure  almost  five 
times  as  large  for  the  conventional  tech- 
nique, involving  fast-response  temperature 
sensors  and  sonic  anemometry.  Moreover, 
remote  sensors  offer  the  major  intrinsic 
advantage  that  they  do  not  perturb  the  medium 
being  measured  (provided,  in  the  case  of 
active  remote  sensors,  that  we  neglect  the 
slight  heating  of  the  medium  necessarily 
resulting  from  any  absorption  of  the  probing 
wave).  By  contrast,  in  situ  instruments  such 
as  cup  anemometers,  thermistors,  etc.,  neces- 
sarily interfere  with  the  flows  of  interest, 
and  the  platforms  on  which  they  must  be 
mounted  (e.g.,  towers  or  aircraft)  introduce 
even  more  significant  obstacles  to  the  flow. 

Where  remote-sensing  equipment  really 
excels,  however,  is  in  the  cost  of  incre- 
mental measurements,  because  most  such  sen- 
sors offer  a  scanning  capability  which  per- 
mits them  to  interrogate  many  cells  within 
large  volumes.   Thus  the  cost  of  remote 
sensors  should  be  compared  more  appropriately 
to  the  cost  of  in_  situ  sensor  arrays  in 
aggregate.   In  the  next  few  paragraphs  we 
look  at  the  particular  advantages  of  improved 
spatial  and  temporal  resolution  and  areal 
coverage  which  remote- sensing  systems  offer, 
making  in  each  case  some  general  comments  and 
then  using  dual-Doppler  radar  data  on  bound- 
ary-layer winds  by  way  of  illustration. 

Let  us  consider  first  the  question  of 
spatial  resolution.   Often  the  economics  of 
instrument  arrays  dictates  that  they  be  quite 
sparse.  As  a  result,  fine  structure  in  pollu- 
tant transport  and  diffusion  cannot  be  revealed 
in  detail  sufficient  to  evaluate  local  effects 
due  to  terrain,  vegetation,  urbanization, 
small-scale  meteorological  processes,  etc. 
contrast,  remote- sensing  systems  can  often 
readily  supply  such  detail,  as  illustrated 
Figure  1.   This  shows  dual-Doppler-radar 
observations  made  of  the  wind  field  at  a 
height  of  300  m  above  St.  Louis  on  a  summer 
afternoon  during  the  1975  METROMEX  experiment 
The  data  were  taken  using  chaff  dispersed 
from  a  light  aircraft  as  a  tracer;  the  mean 
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Figure  1.     Eddy  wind  field  (mean  wind  field 
removed)  at  0.3  km  above  ground  level  on 
28  July  1975.      Winds  are  obtained  from  an 
average  of  17  volume  scans  taken  during  a 
70  minute  period  ending  at  1557  CUT.     The 
vertical  cuts  of  Figure  2  lie  at  the  loca- 
tions Y  =  2,    4,   6,   8  km.     The  Gateway  Arch 
is  indicated  by  the  dot  just  to  the  west 
of  the  Mississippi  River  at  the  location 
X  =  22.6  km,   Y  =  8.5  km. 


wind  has  been  removed  from  the  data  in  order 
to  better  reveal  the  small-scale  structure. 
Lines  of  convergence  and  divergence  are 
evident  in  the  figure,  and  appear  to  be 
associated  with  an  elongated  heat  island 
extending  from  Granite  City  across  the  St. 
Louis  central  business  district  (Kropfli  and 
Kohn,  1977).   While  the  data  are  of  consid- 
erable meteorological  interest,  we  show  them 
here  simply  to  indicate  the  ability  of  dual 
Doppler  radar  to  provide  data  with  appreci- 
ably better  than  1  km  resolution  over  an  area 
greater  than  100  km2.  An  individual  anemom- 
eter with  telemetry  and  recording  system 
costs  perhaps  $103  if  installed  near  the  sur- 
face, much  less  than  the  $500  K  cost  of  the 
dual  Doppler  radar  system.  But  the  array  of 
300  anemometers  required  to  reproduce  the 
pattern  revealed  here  would  cost  $300  K,  a 
figure  beginning  to  approach  that  of  the 
radars.  And  if  we  were  to  take  full  advantage 
of  the  radar  resolution  (the  equivalent  of  103 
anemometers)  the  cost  of  the  associated 
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anemometer  array  would  be  double  that  of  the 
radars.   But  the  comparison  does  not  end  here. 
The  anemometer  system  described  above  could 
give  only  surface  data,  while  the  radar  data 
were  U  <en  at  a  height  of  300  m.   In  fact,  the 
rada;  system  provides  complete  altitude  infor- 
mation, up  to  the  top  of  the  boundary  layer, 
as  shown  in  Figure  2,  which  shows  the  vertical 
circulations  associated  with  the  horizontal 
airflow  pattern  of  Figure  1.   To  provide  this 
information  would  require  four  times  as  many 
anemometers.   And  this  ignores  the  cost  of  the 
towers  on  which  the  anemometry  would  have  to 
be  mounted.   Figuring  a  cost  of  $10  M/tower 
for  three  hundred  1-km  towers,  an  extremely 
optimistic  figure,  we  find  a  total  system  cost 
for  the  anemometry  of  $300  M,  some  600  times 
the  cost  of  the  radar  system.   (Which  doesn't 
interfere  with  the  airflow  or  blight  the 
landscape,  and  which  is  transportable  as  well 
Note  moreover  that  the  radars  quite  naturally 
provide  data  throughout  the  depth  of  the  mixed 
layer,  no  matter  how  deep  it  happens  to  be 
(several  km  in  extreme  cases).   By  contrast, 
the  technology  does  not  exist  for  constructing 
towers  meeting  this  more  stringent  requirement 
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Figure  2.      The  vertical  circulation  patterns 
associated  with  the  circulation  of  Figure  1. 


Remote  sensors  also  offer  much  improved 
temporal  resolution.   We  might  imagine,  for 
example,  that  rather  than  put  up  300  tall 
towers,  we  could  deploy  300  radiosondes,  which 


would  each  provide  a  single  wind  profile 
for  the  70-min  period  shown  here.   But  the 
cost  of  rawinsonde  expendables  is  some 
$100/profile,  so  that  the  incremental  cost 
of  the  one  data  set  represented  by  Figures 
1  and  2  would  be  $30  K.  The  incremental 
cost  of  the  dual-Doppler  radar  data  is 
orders  of  magnitude  less  than  this  value. 
Moreover,  the  data  shown  represent  averages 
of  seventeen  such  data  sets,  and  to  repro- 
duce this  by  rawinsondes  would  have  cost 
some  $500  K.  Moreover,  to  acquire  a  single 
radiosonde  profile  through  the  atmosphere 
can  take  up  to  an  hour.   Both  these  factors 
preclude  more  frequent  measurements  that 
would  give  us  a  better  look  at  the  effects 
of  small-scale  and  short-lived  changes  in 
atmospheric  conditions  on  pollutant  trans- 
port and  diffusion.   In  the  dual-Doppler 
)  example  given  above,  by  contrast,  the 
entire  velocity  field  can  be  mapped  out 
every  few  minutes.  The  result  is  a  tremen- 
dous improvement  in  the  picture  available 
of  the  time  history  of  the  events. 

Associated  with  the  improved  spatial 
and  temporal  resolution  is  an  improved 
areal  coverage.  Often,  as  the  direct 
result  of  the  first  and  second  factors  of 
the  previous  two  paragraphs,  the  cost  of 
arrays  of  instruments  precludes  their 
deployment  over  large  areas,  limiting  our 
ability  to  monitor  and  describe  accurately 
longer-range  transport  and  diffusion  of 
pollutants.  Here  again,  remote  sensors  are 
often  able  to  provide  better  area  coverage 
than  point  systems  by  virtue  of  their 
scanning  capability.  The  coverage  tends  to 
be  more  uniform,  with  fewer  gaps.  There 
are  fewer  siting  problems  associated  with 
meteorological  requirements  and  haggling 
over  rights  associated  with  land  ownership. 
The  coverage  often  can  extend  over  wider 
geographical  areas. 

Fourth,  and  finally,  remote  sensors 
typically  provide  improved  representative- 
ness.  The  deployment  of  in_  situ  instruments 
in  necessarily  sparse  arrays  gives  rise  to 
questions  concerning  the  extent  to  which 
the  reported  observations  accurately  reflect 
conditions  over  the  whole  of  the  area  being 
monitored  by  each  instrument.   Instrument 
siting  remains  something  of  a  black  art, 
whose  precise  influence  on  experimental 
results  is  poorly  understood.   Remote 
sensors  alleviate  these  difficulties  in  two 
ways.   First,  sensors  such  as  the  dual- 
Doppler  radars  provide  many  data  points 
over  a  large  area;  in  some  cases  this 
permits  evaluation  of  the  representativeness 
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of  various  sites.   Second,  remote-sensing 
data  necessarily  represent  a  line,  area,  or 
volume  average.  In  the  case  of  the  dual- 
Doppler  radars,  for  example,  each  wind  vector 
shown  in  the  figures  is  an  average  for  a 
sensed  volume  some  300  m  on  a  side.   Thus  the 
remote  sensor  acts  as  a  low-pass  spatial 
filter  on  the  data,  smoothing  out  smaller- 
scale  fluctuations,  some  of  which  reflect 
siting  problems.  As  another  illustration  of 
this  same  point  we  can  consider  the  optical 
heat-flux  sensor  cited  above,  which  provides 
a  line-average  rather  than  a  point  measure- 
ment of  heat  flux.   This  yields  more  reliable 
values  and  permits  use  of  shorter  averaging 
times  as  well. 

As  a  result  of  all  of  these  general 
factors,  remote  sensors  appear  to  be  the 
instruments  of  choice,  where  available,  for 
field  experiments,  because  they  provide  a 
look  at  small-scale,  short-lived  phenomena, 
over  wide  areas,  with  high  reliability. 

3.  Remote  Sensors  Applied  to  Research  in 
PBL  Physics,  Turbulence  and  Diffusion 
and  Urban  Meteorology 

It  is  in  the  area  of  boundary- layer 
physics  and  the  meteorology  of  those  phenom- 
ena and  processes  which  determine  pollution 
dispersion  that  we  can  expect  remote-sensing 
to  have  its  biggest  initial  impact  on  air 
pollution  meteorology.   There  are  several 
reasons  for  this.   First,  as  a  brief  inspec- 
tion of  the  Appendix  suggests,  while  optical 
remote  sensors  continue  to  hold  forth  great 
promise  for  chemically-specific  studies  of 
gaseous  pollutants  as  well  as  aerosols,  such 
studies  lie  in  the  future.  The  greatest 
progress  to  date  has  been  in  measurements  of 
meteorological  fields  such  as  wind,  and  to  a 
lesser  extent  temperature.   Second,  the 
practical  observing  range  of  many  remote- 
sensing  devices  remains  limited  to  boundary- 
layer  distances  (M  km  or  so),  and  even  in 
those  cases  where  greater  range  is  currently 
available,  the  geometry  of  ground-based 
remote  sensors  necessarily  restricts  their 
use  to  areas  on  the  mesoscale  (only  by  going 
to  airborne  or  satellite  platforms  or  by 
using  arrays  of  remote  sensors  is  it  possible 
to  eliminate  this  restriction).  Third, 
however,  and  it  is  to  this  point  that  we 
shall  turn  for  the  moment,  there  are  a  number 
of  fundamental  problems  in  PBL  physics  that 
require  immediate  theoretical  and  observa- 
tional attention,  if  we  are  to  understand  the 
backdrop  against  which  the  great  events  of 
air  pollution  meteorology  occur. 


One  of  the  more  pressing  of  these 
problems  is  the  behavior  of  the  PBL  over 
terrain  that  is  irregular,  whether  by 
virtue  of  its  surface  contours,  thermal 
properties,  or  roughness.   (Note  that  the 
urban-meteorology  problem  can  be  considered 
a  specialized  example  of  this.)  During  the 
past  few  decades  the  PBL  over  flat,  homo- 
geneous terrain  under  stationary  conditions 
has  received  an  excessive  degree  of  atten- 
tion. While  it  might  be  argued  that  the 
problem  is  of  great  importance  because 
these  are  .the  conditions  prevailing  over 
much  of  the  oceans,  it  is  hard  to  escape 
the  conclusion  that  the  attention  lavished 
on  it  is  more  a  reflection  of  the  apparent 
intractability  of  alternative,  more  realistic 
problems.  Yet  it  is  precisely  the  effects 
of  irregular  terrain  that  dominate  the 
meteorology  of  pollution-prone  cities  and 
regional  basins,  that  determine  the  environ- 
mental impact  of  energy-related  activities 
such  as  power  generation  and  oil-shale 
operations  in  the  mountain  west  of  the 
United  States,  etc.  Although  the  theoretical 
difficulties  of  the  problem  are  themselves 
overwhelming,  there  is  no  question  that  a 
major  obstacle  to  progress  in  the  field  is 
a  lack  of  observations,  and  it  is  here  that 
remote  sensing  offers  tremendous  promise. 
As  pointed  out  in  the  previous  section, 
techniques  such  as  dual-Doppler  radar 
provide  large  areal  coverage  and  detailed 
spatial  resolution.  With  these  it  is  now 
feasible  to  examine  the  airflow  over  large 
urban  (or  mountainous)  areas  under  a  variety 
of  conditions,  and  to  build  a  picture  of 
the  airflow  over  mesoscale  topography  as  a 
function  of  thermal  stratification  and  of 
mean  wind  azimuth,  speed,  and  shear.   It  is 
possible  to  see  the  effects  on  the  circula- 
tion of  heat  sources  and  terrain  obstacles, 
and  to  see  changes  in  the  wind  profile  as 
the  air  passes  from  the  outlying  rural  area 
over  the  urban  center  and  then  resumes  its 
course  over  rural  terrain  again.  These 
observations  inspire  new  theories  and  aid 
in  model  verification.  They  provide  the 
resolution  necessary  to  treat  the  major 
features  of  urban  or  terrain  circulations 
deterministically.  One  specific  illustra- 
tion of  this  was  the  extensive  participa- 
tion of  remote  sensing  equipment,  including 
the  dual  Doppler  radars,  lidar  systems  and 
acoustic  echo  sounders,  in  the  RAPS  and 
METROhEX  studies  in  St.  Louis.   It  will  be 
some  time  before  all  the  data  are  analyzed, 
but  even  the  early  results  demonstrate  the 
-power  of  the  new  tools.   Kropfli  and  Kohn 
(1977)  show  unmistakably,  for  example,  the 
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urban  heat  island  and  its  effects  on  the  St. 
Louis  airflow,  and  how  these  change  with 
prevailing  meteorological  conditions.   They 
also  show  spatial  structures  within  the  urban 
PBL.   For  the  first  time  it  may  be  possible 
to  relate  them  directly  to  the  urbanization 
below.  More  such  studies,  even  more  defini- 
tive and  larger  in  scope,  undoubtedly  lie 
ahead. 

Another  development  that  appears  on  the 
near  horizon  is  the  use  of  aerosol-generators 
to  develop  plumes  of  known  and  simple  particle 
size  distribution,  for  use  in  quantitative 
lidar  studies  of  pollutant  transport  and 
diffusion  over  irregular  terrain.   Already 
several  groups  across  the  United  States,  our 
own  included,  are  preparing  to  carry  out  such 
work. 


vapor  and  cloud  nuclei  from  the  PBL  below 
into  the  cloud  itself,  the  "umbilical" 
through  which  the  cloud  receives  its  life 
blood.  Again,  this  is  a  problem  area  that 
will  yield  only  to  a  combination  of  observa- 
tions with  detailed  spatial  and  temporal 
resolution  and  a  great  chemical  specificity, 
as  well  as  theoretical  work. 

A  key  element  in  much  of  this  research 
may  be  the  Boulder  Atmospheric  Observatory, 
or  BAO,  a  complex  of  remote-sensing  instru- 
ments and  a  300  m  tower  (Kaimal,  1978)  that 
is  taking  form  just  east  of  Boulder,  under 
the  impetus  of  the  Wave  Propagation  Labora- 
tory of  NOAA  and  the  Field  Observing  Facility 
of  NCAR.   Figure  3  shows  the  BAO  tower. 


A  second  major  problem  area  is  the 
nocturnal  PBL.   Unlike  its  daytime,  convec- 
tively- active  counterpart,  which  is  rela- 
tively well  understood,  the  nighttime,  stable 
boundary  layer  remains  an  enigma.   Under 
statically  stable  conditions,  irregular 
terrain  has  dramatic  influence.   At  night 
radiative  processes  affect  the  entire  depth 
of  the  layer  rather  than  merely  the  very 
surface.   The  shift  from  static  instability 
during  the  day  to  dynamic  instability  at 
night  changes  the  vertical  sense  and  char- 
acter of  the  heat  transports.   The  coupling 
between  top  and  bottom  of  the  boundary  layer, 
rather  than  occurring  in  one  step  throughout 
the  PBL  depth  by  thermal  plumes  rooted  in  the 
surface  layer  and  penetrating  the  overlying 
inversion,  occurs  in  fits  and  starts,  bit  by 
bit,  through  laminae  of  turbulence  separated 
by  dynamically  stable  layers  containing 
little  or  no  irregular  motion.   Gravity  waves 
appear,  as  a  result  of  shear  between  these 
layers,  and  couple  into  the  turbulence, 
though  their  dynamical  role  is  not  well 
understood.   Remote  sensors  are  helping  in 
nocturnal  PBL  studies  by  providing  the  spa- 
tial and  temporal  resolution  necessary  to 
define  the  stable- layer  turbulence  structure, 
which  until  now  has  remained  sub-grid-scale 
to  the  numerical  modelers.   Scattered  pre- 
liminary applications  of  remote  sensors  to 
observational  studies  often  nocturnal  PBL 
have  been  reported  already  (e.g.,  Beran  et 
al.,  1973;  llooke  ct  al.,  1973;  Merrill,  1977; 
Schubert,  1977)  and  much  more  is  on  the  way. 

Another  challenging  area  involves  study 
of  the  cloud-topped  mixed  layer  and  the 
connection  interaction  between  the  PBL  "cloud 
roots"  and  the  parent  cloud.   Here  the  empha- 
sis is  on  the  processes  which  transfer  water 


Figure  3.      The  ZOO-m,    instrumented  meteoro- 
logical tower  at  the  Boulder  Atmospheric 
Observatory . 


Here,  at  one  site,  will  be  combined  the 
best  of  tower  in-situ  instrumentation  and 
the  newest  remote-sensing  technology.   The 
former  will  be  used  to  test  and  calibrate 
the  latter,  and  then  both  technologies  will 
be  turned  toward  these  questions  of  PBL 
dynamics.   In  general,  then,  the  BAO  can  be 
thought  of  as  an  attempt  to  combine  the 
desirable  features  of  geophysical  turbu- 
lence —  namely  a  high-Reynolds  number  flow 
and  an  inertial  subrange  extending  over 
many  spectral  decades  —  with  the  kind  of 
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diagnostics  that  have  hitherto  been  available 
only  in  controlled  laboratory  situations. 
The  sensors  at  the  facility  should  combine 
the  range  capabilities  required  for  doing 
full  PBL  research  with  the  resolving  power 
necessary  to  study  the  smallest  scales  of 
turbulence  and  turbulent  processes.   At  the 
time  of  this  writing,  the  first  major  experi- 
ments planned  for  the  facility  are: 

i)   a  site-evaluation  experiment  in  April 
1978.  The  site  is  located  on  gently  rolling 
terrain  (two-dimensional,  50-m  hills  of  1-km 
"wavelength");  the  question  is  to  what  extent 
does  the  site  exhibit  meteorological  charac- 
teristics typical  over  flat  terrain  and  to 
what  extent  does  the  site  show  the  influence 
of  the  underlying  orography?  Aircraft  flybys 
and  the  NCAR  Portable  Automated  Mesonet  (PAM) 
surface  network  will  be  used  to  answer  these 
questions. 

ii)  a  convective  PBL  experiment  in 
September  1978,  using  triple  Doppler  radars, 
PAM,  and  aircraft.  Major  goals  of  the  experi- 
ment include  evaluation  of  radar  estimates  of 
terrain-induced  irregularities  in  the  flow, 
Reynolds  stress,  eddy  dissipation  rate,  and 
horizontal  convergence.  For  example,  radar 
estimates  of  Reynolds  stress  will  be  compared 
with  aircraft  and  tower  measurements,  in  an 
attempt  to  determine  whether  the  radars' 
potential  in  this  area  is  currently  realizable 
or  still  lies  in  the  future.  Can  radars  be 
used  to  carry  out  definitive  studies  of  PBL 
turbulence  dynamics,  and  energy  budgets  like 
those  that  made  the  AFCRL  Kansas  and  Minnesota 
experiments  such  classics?  Or  will  we  be 
forced  to  continue  to  rely  on  in-situ  instru- 
ments for  these  detailed,  quantitative  studies? 
We  hope  to  answer  these  and  similar  questions 
during  the  September  1978  experiment. 

iii)  an  August-September  1979  WMO/CIMO 
international  comparison  of  low- level  sound- 
ing systems. 

A  major  long-term  desire  of  our  laboratory  is 
to  develop  a  remote-sensing  capability  equi- 
valent to  the  BAO  that  can  be  transported, 
and  used  to  study  the  meteorology  of  other 
environments  (arctic,  tropical,  mountain, 
desert,  urban,  marine,  to  name  a  few) .  We 
know  that  remote  sensors  can  measure  mean 
quantities  well  enough  —  the  critical  ques- 
tion now  is  whether  they  can  be  used  to 
measure  turbulent  fluctuations  in  wind, 
temperature,  and  other  variables,  with  accu- 
racy and  resolution  sufficient  to  estimate 
Reynolds  stresses,  heat  fluxes,  and  other 
quantities  important  to  turbulence  energy 


budgets.   If  they  can,  then  we  can  repeat 
the  success  of  the  truly  definitive  Kansas 
and  Minnesota  PBL  experiments  in  a  wide 
variety  of  meteorological  settings. 

4.   Remote  Sensors  Applied  to  Numerical 
Modeling  and  Operational  Forecasting 

Remote  sensors,  which  feature  large 
areal  coverage  and  good  spatial  and  temporal 
resolution,  are  ideally  matched  to  the  data- 
input  and  data-verification  requirements  of 
numerical  models  on  the  mesoscale  and  micro- 
scale.   Even  today,  multiple-Doppler  radar 
systems  come  close  to  the  total  capability 
required  for  such  inputs,  particularly  if  we 
note  (as  in  the  appendix)  that  there  is  some 
hope  that  mesoscale  temperature  fields  can 
be  derived  from  the  Doppler  wind  data  and 
surface  temperature  information.  The  future 
should  see  remote  sensors  applied  routinely 
to  the  problem  of  model  initialization  and 
verification. 

What  is  far  more  interesting,  however, 
in  terms  of  its  long-range  potential  for 
weather  forecasting  in  general  and  air- 
pollution  meteorology  in  particular,  is  the 
rise  of  new  system  concepts  of  improved 
local-weather  prediction  incorporating 
recent  advances  in  remote-sensing,  mesoscale 
numerical  modeling,  data  processing,  and 
information  dissemination.   Using  such 
concepts,  we  can  weld  these  disparate  acti- 
vities into  a  coherent  whole  rather  than 
allowing  creation  of  a  patchwork-quilt 
operational  scheme  which  will  function 
suboptimally.   NOAA  is  currently  examining 
one  such  proposal,  entitled  PROFS  (Prototype 
Regional  Observing  and  Forecasting  Service) 
which  calls  for  exploratory  development  of 
such  a  service  in  the  Denver  area  and  then 
expansion  to  a  nationwide  system,  focusing 
on  urban  areas.   Such  systems  would  attempt 
to  improve  local  weather  services  to  meet 
increasingly  critical  needs  of  aviation, 
agribusiness,  the  construction  industry,  and 
the  general  public,  and  have  incorporated  in 
the  overall  thinking  a  great  concern  with 
air  quality  problems  and  their  forecasting. 
Should  this  concept  be  implemented,  it  would 
mean  a  tremendous  increase  over  the  long 
term  in  the  quality  and  quantity  of  routine 
National  Weather  Service  data  available  to 
the  air  pollution  meteorology  community, 
data  that  could  allow  sensible,  coherent 
planning  for  improvement  and  maintenance  of 
air  quality.  An  example  that  comes  to  mind 
is  the  MAP3S  (Multi-State  Atmospheric  Power 
Production  Pollution  Study)  program  which 
could  be  much  more  effective  and  require 
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considerably  less  incremental  funding  for 
supplemental  meteorological  instrumentation 
were  the  proposed  PROFS  network  already  in 
place. 

Such  prospects  are  still  relatively  far 
in  the  future.   Closer  to'  the  present  we  see 
use  of  remote- sensing  technologies  in  combi- 
nation to  meet  the  needs  of  the  meteorological 
community.   An  example  is  the  wind-shear 
monitoring  system  which  the  Wave  Propagation 
Laboratory  has  developed  for  the  FAA  and 
installed  at  Dulles  International  Airport 
(Hardesty  et  al.,  1977).  This  system  uses  an 
acoustic  echo-sounder  to  monitor  wind  pro- 
files in  the  clear  air.   However,  the  noise 
of  rain  on  the  acoustic  antennas  interferes 
with  the  sounder  operation  to  the  extent  that 
it  becomes  unusable.  Before  this  happens, 
however,  the  system  automatically  switches  to 
a  microwave  radar  unit  which  cannot  measure 
winds  in  the  clear  air,  but  which  can  use 
the  Doppler  shift  of  precipitation  echoes  to 
measure  the  wind  shear  as  revealed  by  the 
rain.   Thus  the  individual  sensors  are  vul- 
nerable to  particular  weather  conditions,  but 
the  system  as  a  whole  is  an  all-weather 
device. 

As  the  field  of  remote  sensing  matures, 
however,  it  is  becoming  increasingly  apparent 
that  the  problem  of  technology  transfer  is  a 
major  one  - —  perhaps  a  greater  obstacle  to 
progress  than  the  scientific  and  engineering 
problems  themselves.   We  have  made  progress 
in  the  field  of  atmospheric  remote  sensing  as 
we  have  (i)  identified  those  wave-medium 
interactions  that  supply  useful  information, 
(ii)  developed  techniques  for  initiating  and 
monitoring  the  most  promising  interactions, 
and  developed  mathematical  procedures  for 
inverting  the  data  to  obtain  the  desired 
estimate  of  the  meteorological  parameter, 
(iii)  applied  these  new  capabilities  to 
atmospheric  research,  and  (iv)  transferred 
this  technology  into  the  operational  sector. 
Little  (1972),  describes  this  process  in 
somewhat  different  but  equivalent  terms. 

Step  (iv)  is  a  big  one.   Our  own  labora- 
tory experience  yields  many  examples  (from 
our  viewpoint)  of  "consumer  resistance"  and 
failure  to  understand  our  devices.  Optical 
scintillation  devices  to  measure  line-average 
transverse  wind  speeds  have  been  used  by  the 
user  community  as  simple  "on-off"  switches 
indicating  the  presence  of  precipitation 
along  the  optical  path.   Acoustic  sounders 
that  have  been  turned  over  to  users  often 
fall  quickly  into  disrepair.  On  the  user 
part,  this  often  represents  a  reluctance  to 
learn  anything  new  and  a  resistance  to 


change,  as  well  as  overloaded  work  sched- 
ules which  simply  leave  no  time  for  assum- 
ing added  responsibilities.  On  our  part, 
this  often  reflects  an  insensitivity  to  the 
users*  real  needs,  and  inexperience  in 
developing  operation-hardened  (as  opposed 
to  breadboard)  equipment.   Repeatedly  we 
find  the  process  of  technology  transfer 
must  begin  with  the  initial  user-researcher 
contacts,  continue  through  the  entire 
development  phase,  and  culminate  with 
extensive  user-training  and  follow-up  if 
the  transfer  is  to  "take".   In  the  years 
ahead,  this  activity  may  also  become  routine, 
but  today  it  represents  a  severe  test  of 
both  researcher  and  operator. 
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Appendix  —  Recent  Developments  in  Remote 
Sensing 

We  feel  it  appropriate  to  conclude  with  a 
partial  listing  of  recent  advances  in  atmos- 
pheric remote  sensing.   In  part  we  are  doing 
this  because  we  are  employed  by  a  remote- 
sensing  laboratory;  it  is  impossible  to  work 
here  and  not  get  excited  by  the  developments 
as  they  unfold.   More  importantly,  however,  we 
recognize  that  the  method  of  presentation  used 
above  gives  a  somewhat  fragmented  view  of  the 
arsenal  of  techniques  new  available.   We  also 
note  that  in  this  rapidly  evolving  field,  two 
of  the  latest  major  reviews  available  (Derr, 
1972;  Little,  1972)  are  falling  somewhat  out 
of  date.   However,  our  treatment  is  not  by  any 
means  exhaustive;  we  have  simply  attempted  to 
supply  the  reader  with  a  sampling  of  the 
material  available  and  a  few  references  to 
direct  his  first  steps.  Time  (and  the  spatial 
limitations)  have  not  permitted  any  more 
thorough  treatment. 

A. 1  Acoustic  echo  sounding 

Acoustic  echo  sounding  is  analogous  to 
radar  except  that  it  uses  acoustic  pulses  to 
interrogate  the  atmosphere,  detecting  acoutic 
energy  scattered  by  atmospheric  turbulence. 
The  subject  dates  back  to  papers  of  McAllister 
(1969)  and  Little  (1969),  although  even  this 
work  has  antecedents  in  both  western  and 
Russian  work.  Brown  and  Hall  (1978)  have 
recently  reviewed  the  field  thoroughly.   From 
the  start,  acoustic  echo  sounding  has  been 
used  to  advantage  in  visualizing  conditions  in 
the  atmospheric  boundary  layer  —  studying  the 
development  of  the  convective  boundary  layer, 
monitoring  inversion  height,  etc.   In  recent 
years,  however,  interest  has  turned  to  the  use 
of  acoustic  echo  sounding  as  a  quantitative 
tool.   One  piece  of  information  yielded  readily 
by  the  frequency  shift  of  the  echo  returns  is 
the  atmospheric  wind  velocity.  The  technique 
has  been  used  for  years;  a  recent  system  is 
described  by  Kaimal  and  Haugen  (1977). 
Hardesty  et  al.  (1977)  describe  a  quasi-opera- 
tional system  installed  at  Dulles  International 
Airport  to  monitor  low- level  winds  and  wind 
shear.   More  recently,  researchers  have  begun 
to  investigate  the  potential  of  acoustic  echo 
sounding  for  other  quantitative  information, 
including  height  profiles  of  the  turbulence 
structure  functions  CT2  and  Cv  ,  surface  heat 
flux,  surface  stress,  and  Monin-Obukhov  length, 
and  rudimentary  methods  of  temperature  profil- 
ing involving  heavy  use  of  similarity  theory 
(Brown,  1978)  or  phase-coherent  techniques 
(Brown,  private  communication) . 


While  in  many  cases  acoustic  methods 
for  measuring  these  parameters  do  not  seem 
as  promising  as  radar  or  lidar  techniques, 
they  are  worth  pursuing  because  of  the  'lower 
cost  of  acoustic  methods.   This  lower  cost 
is  making  it  practicable  to  install  acoustic 
echo  sounders  in  large  arrays,  to  determine 
mesoscale  structure  in  PBL  height,  for 
example  (Russell  and  Uthe,  1977).   Various 
pattern  recognition  schemes  are  currently 
under  development,  for  use  in  automated 
processing  of  acoustic-sounder  facsimile 
records  (Clark,  et  al.,  1977;  Hall,  1978). 

A. 2  Radio  techniques. 

The  use  of  pulse  Doppler  radars  in  PBL 
studies  has  been  described  at  length  in  the 
body  of  the  paper.   For  the  most  part,  the 
work  cited  has  involved  the  use  of  chaff; 
however  some  installations,  e.g.,  NOAA's 
National  Severe  Storms  Laboratory,  have 
demonstrated  clear-air  pulse  dual-Doppler 
radar  capability  out  to  ranges  of  40  or  50 
km  (Doviak  and  Jobson,  1977).   For  the  most 
part  also,  the  work  has  involved  the  use  of 
two  radars,  to  provide  two  components  of  the 
wind  directly;  the  third  velocity  component 
has  typically  been  inferred,  by  assuming 
incompressibility  and  using  the  equation  of 
continuity.   However,  the  use  of  multiple 
radars  is  becoming  increasingly  frequent,  to 
provide  increased  area  coverage,  to  provide 
redundancy  and  therefore  verification  of  the 
dual-Doppler  approach,  and  to  examine  the 
influence  of  the  lower  boundary  condition  on 
data  recovery.  Other  research  directions 
are  also  being  pursued  in  response  to  the 
needs  of  the  operational  community.   Lemon 
et  al.  (1977)  report  use  of  single  Doppler 
radars  for  detection  of  tornado  vortex 
signatures.   Strauch  (private  communication) 
is  currently  exploring  a  variety  of  single- 
radar  techniques  for  estimating  both  hori- 
zontal wind  components.   It  has  been  pointed 
out  recently,  by  Gal-Chen  and  by  Leise  (work 
in  progress)  that  from  the  dual-Doppler 
radar  fields  and  knowledge  of  the  surface 
boundary  conditions,  it  is  possible  in 
principle  to  deduce  mesoscale  temperature 
fields  from  the  Doppler  radar  data.   Tests 
are  currently  underway  to  determine  whether 
the  approach  is  a  practicable  one.   If  it 
is,  or  if  it  is  true  that  mesoscale  meteoro- 
logical development  is  much  less  sensitive 
to  thermal  effects  than  the  initial  velocity 
fields  (Anthes,  private  communication),  then 
radars  offer  tremendous  potential  for  the 
initialization  of  mesoscale  models. 


294 


-  269  - 


FM-CW  radar  has  been  in  use  for  the  past 
decade  as  a  powerful  tool  for  studying  the 
clear-air  boundary  layer  with  high  resolution 
(e.g.,  Gossard  et  al.,  1970).   In  recent 
years,  however,  the  utility  and  flexibility 
of  the  technique  have  been  greatly  increased 
by  the  development  of  a  Doppler  capability 
for  determining  wind  velocities,  using  a  VAD 
scan  (Chadwick  et  al.,  1976a, b). 

Another  radar  advance  has  been  the  use 
of  VHF  radars  for  probing  the  clear  tropo- 
sphere and  lower  stratosphere  (e.g.,  Green  et 
al.,  1975;  Balsley  et  al.,  1977,  and  the 
references  therein).   While  the  technique  has 
not  been  applied  to  the  problem  of  lower- 
tropospheric  profiling  in  any  detail,  it  does 
appear  that  it  can  be  (Balsley,  private 
communication)  and  we  can  anticipate  that  it 
will  be  in  the  future. 

A. 3  Optical  techniques 

Foremost  among  the  optical  techniques  is 
lidar,  or  laser  raaar.   The  most  common  type 
is  the  pulsed  lidar,  which  senses  echo  returns 
from  aerosol  scattering;  work  in  this  area 
dates  back  to  the  early  1960*s,  and  was 
reviewed  by  Collis  (1969).   Recent  papers  of 
interest  include  a  paper  comparing  FM-CW 
radar  and  lidar  returns  (Noonkester  et  al., 
1974)  which  shows,  as  one  might  expect,  that 
the  PBL  presents  a  different  characteristic 
appearance  to  the  two  sensors,  and  a  paper 
describing  lidar  observations  of  the  convec- 
tive  boundary  layer  (Kunkel,  et  al.,  1977). 

As  is  the  case  with  both  the  acoustic 
sounders  and  the  radars,  however,  lidars 
offer  tremendous  potential  for  quantitative 
measurement  as  well.  Huf faker  (1970,  1974  and 
the  references  therein)  describes  the  prin- 
ciples of  Doppler  lidar  velocity  determina- 
tion.  Benedetti-Michelangeli  et  al.  (1972) 
describe  preliminary  tropospheric  wind  mea- 
surements using  lidar.  Schwiesow  and  Cupp 
(1976)  and  Schwiesow  et  al.  (1977)  have  used 
truck-mounted  and  airborne  infrared  CW 
Doppler  lidar  to  measure  atmospheric  veloci- 
ties in  dust  devils  and  waterspouts,  paving 
the  way  for  analogous  studies  of  tornado 
vortices.   And  in  a  recent  work,  Huffaker  et 
al.  (1976)  put  forth  their  concept  for  satel- 
lite-based global  wind  measurement  using 
pulsed  coherent  lidar  systems. 

Lidar  also  offers  some  promise  for 
temperature  profiling.   Fiocco  et  al.  (1971), 
using  molecular  thermal  broadening  of  the 
lidar  return,  and  Strauch  et  al.  (1971), 
using  Raman-scatter  lidar  estimates  of  N_ 


scale  heights,  report  early  estimates  of 
atmospheric  temperatures.   In  more  recent 
work,  Cooney  (1977)  has  used  rotational 
Raman  scattering  to  estimate  temperature 
profiles. 

The  area  where  optical  sensing  seems  to 
hold  the  greatest  long-term  potential  is  in 
the  area  of  sensing  of  gaseous  pollutants, 
where  optical  radiation  offers  in  principle 
a  tremendous  chemical  specificity.   Un- 
fortunately, such  spectroscopic  effects  are 
often  very  weak,  however,  and  despite  its 
glowing  future,  the  subject  has  only  a  brief 
and  rudimentary  history.  The  work  of  Strauch 
et  al.  (1972)  illustrates  the  approach. 
General  approaches  include  Raman  spectros- 
copy and  differential  absorption.  Some  of 
the  recent  work,  including  that  of  the 
Swedish  and  Japanese  groups,  may  be  found  in 
the  Invited  Papers  and  Conference  Abstracts 
of  the  Eighth  International  Laser  Radar 
Conference,  held  at  Drexel  University  on 
June,  1977  and  sponsored  by  the  American 
Meteorological  Society  and  the  Optical 
Society  of  America. 

Lidar  is  currently  being  used  to  probe 
cloud  microphysical  processes.  For  example, 
Piatt  (1977)  has  used  lidar  to  study  phase 
changes  within  an  altostratus  cloud.   Derr 
(private  communication)  has  found  recently 
that  cloud  glaciation  can  occur  at  a  much 
earlier  stage  in  cloud  development  than 
previously  thought. 

Other  optical  techniques  for  remote 
probing  include  line-of-sight  observations 
of  light-beam  scintillations  which  have  been 
used  to  measure  winds  (Lawrence  et  al., 
1972),  surface  convergence  (Kjelaas  and 
Ochs,  1974)  and  surface  heat  flux  (e.g.  , 
Weseley,  1976;  Wyngaard  et  al.,  1978). 

A. 4  Hybrid  systems 

As  remote-sensing  matures,  attention  is 
turning  away  from  the  individual  technologies 
themselves  and  emphasis  is  shifting  to  the 
development  of  hybrid  systems  tailored  to 
particular  meteorological  tasks.   Here  we 
discuss  a  few  of  these;  however,  we  can 
expect,  from  recent  work  such  as  that  of 
Noonkester  et  al.  (1974)  comparing  FM-CW 
radar  and  lidar  returns  from  the  boundary 
layer,  and  from  recent  joint  radar  and  lidar 
studies  of  cloud  (Derr,  private  communica- 
tion), that  much  more  such  research  is  in 
the  offing. 
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Microwave  radiometry  has  long  been  used 
to  retrieve  temperature  and  humidity  profiles 
in  the  atmosphere  from  measurements  of  atmos- 
pheric microwave  brightness  at  different 
frequencies  and  zenith  angles.   Recently, 
Westwater  (1978)  has  shown  that  should 
radiometric  data  be  supplemented  with  data  on 
inversion  height  then  the  radiometric  inver- 
sion techniques  can  yield  much  greater  resolu- 
tion of  the  humidity  and  temperature  varia- 
tions in  the  vicinity  of  the  inversion  layer 
itself.   Figure  Al  shows  an  example  (from  a 
paper  study)  of  the  advantages  of  such  a 
system.   Note  that  since  height  alone  will  do 
(estimates  of  inversion  strength  are  unneces- 
sary), these  supplementary  data  could  readily 
be  supplied  by  acoustic  sounders  or  FM-CW 
radar. 


disadvantage  that  it  is  vulnerable  to  high 
winds,  which  advect  the  acoustic  pulse  out 
of  the  region  scanned  by  the  radar.  The 
result  is  that  even  with  clever  engineering 
a  rather  formidable  array  of  antennas  is 
required  to  overcome  this  difficulty 
(Priestley,  private  communication). 

To  summarize,  remote  sensors  can  now 
supply  3-D  fields  of  winds,  turbulence, 
precipitation,  cloud,  and  aerosol,  as  well 
as  profiles  of  temperature  and  humidity. 
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Figure  Al.      Temperature  and  humidity  profiles 
recovered  by  radiometry  within  and  without 
knowledge  of  inversion  height,   compared 
with  radiosonde  data. 


Another  hybrid  technique  of  considerable 
novelty  is  the  so-called  RASS  (Radio-Acoustic 
Sounding  System)  approach,  which  provides 
temperature  profiles  by  using  radiowave 
pulses  to  follow  an  acoustic  pulse  as  it 
propagates  through  the  atmosphere.   In  this 
way  it  is  possible  to  measure  the  speed  of 
sound  and  hence  the  temperature  (Frankel  and 
Peterson,  1976;  Frankel  et  al . ,  1977).  While 
intriguing,  RASS  suffers  from  the  major 
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NOAA  INSTRUMENTATION  AT  THE  BOULDER  ATMOSPHERIC  OBSERVATORY 


J.  C.  Kaimal 

NOAA/ERL/Wave  Propagation  Laboratory 
Boulder,  Colorado  80302 


1.        INTRODUCTION 

The  Boulder  Atmospheric  Observatory 
(BAO)  is  a  new  research  facility  operated  jointly 
by  the  Wave  Propagation  Laboratory  of  NOAA  and 
the  National  Center  for  Atmospheric  Research 
(NCAR).   It  is  located  20  km  east  of  Boulder 
(see  Fig.  1)  on  gently  rolling  terrain.   Installa- 
tions at  the  site  include  an  instrumented  300  m 
tower,  a  variety  of  remote  sensors,  and  a 
highly  interactive  computer  system  controlling 
the  acquisition  and  processing  of  data.  The  in- 
situ  and  remote  sensors  installed  at  the  site  by 
NOAA  are  designed  to  provide  basic  data  for 
atmospheric  studies  and  testing  of  other  atmos- 
pheric sensors.  These  data  will  be  archived  fqr 
future  use  and  will  be  made  available  to  the 
scientific  community.  For  major  experiments  these 
standard  measurements  will  be  augmented  through 
the  deployment  of  NCAR's  Portable  Automated 
Mesonet  (PAM)  system  and  instrumented  aircraft, 
extending  the  range  of  the  tower  measurements 
over  wider  horizontal  and  vertical  scales. 
Other  instruments  will  be  operated  for  specific 
periods  to  meet  the  needs  of  in-house  and  visit- 
ing scientists. 


This  paper  will  describe  the  standard 
instrumentation  at  the  BAO  site  and  discuss 
briefly  the  sampling  considerations  and  process- 
ing techniques  used  to  minimize  tape  storage 
requirements. 

2.        TOWER  INSTRUMENTATION 

"The  tower  is  a  guyed,  open-lattice 
structure  of  galvanized  steel,  with  three  legs 
spaced  3  m  apart.  A  two-man  elevator  inside 
the  tower  provides  access  to  the  eight  instru- 
mentation levels  while  a  moving  carriage  on 
the  southwest  face  permits  continuous  profil- 
ing or  fixed  level  operation  at  any  desired 
height.  Details  of  the  tower  design  have  been 
given  by  Hall  (1977). 

The  standard  instrumentation  levels 
on  the  tower  are  distributed  linearly  with 
height,  except  for  the  two  lowest  levels  (see 
Fig.  2).  All  levels  have  identical  instru- 
mentation; two  booms  are  available  at  each 
level  for  switching  sensors  so  that  the  data 
are  not  compromised  by  unexpected  changes  in 
wind  pattern.  Special  sensor  mounts  permit 
quick  transfer  of  all  probes  from  one  boom  to  the 
other.  Prevailing  winds  at  the  site  are  from  the 
southeast  during  the  summer  and  from  the  north- 
west during  the  winter.  At  the  very  least  the 
sensors  will  have  to  be  moved  twice  a  year  to 
insure  proper  exposure. 
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Figure  2.     Schematic  of  the  instrumented  level 
on  the  tower  and  parameters  measured  at  BAO. 


Figure  1.     Map  showing  the  location  of  the 
Boulder  Atmospheric  Observatory   (BAO)  with 
respect  to  Boulder,   Colorado,  and  the  Rocky 
Mountains. 


The  booms  are  specially  designed  for 
convenience  of  handling  and  easy  access  to  the 
sensors  for  servicing.  Each  consists  of  a  4-m 
telescoping  boom  (R.  M.  Young  model  35260-12A) 
attached  to  a  hinged  support  with  fine  adjustments 
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for  leveling.   If  the  lateral  support  member  is 
loosened  (see  Fig.  3),  the  entire  boom  can  be 
swung  toward  one  face  of  the  tower  and  retracted 
to  bring  the  sensors  within  easy  reach  of  the 
platform. 


Telescoping  Boom 
(For  North  Exposure) 


Lateral 
Support 


Telescoping  Boom' 
(For  South  Exposure) 


Figure  3.     Plan  view  of  an  instrumented  level 
on  the  tower  showing  the  dual  boom  confi- 
guration in  relationship  to  the  boom  on  the 
movable  carriage . 

The  standard  measurements  on  the  tower 
are  listed  in  Fig.  2.   A  three-axis  sonic  ane- 
mometer measures  wind  velocity  along  three 
orthogonal  directions.   This  particular  con- 
figuration provides  a  wider  azimuth  coverage 
for  both  the  vertical  component  probe  and  the 
fast-response  temperature  sensor  nestled  in 
it  (see  Fig.  4).  Non- orthogonal  arrays  of  the 
type  used  in  past  surface  layer  measurements 


(Kaimal  et  al.,  1974;  Mitsuta,  1974)  are  not 
suitable  for  unattended  operation  on  tall 
towers  since  they  require  periodic  reorientation 
into  the  wind  to  accommodate  changes  in  wind 
direction.  They  offer  unobstructed  exposure  for 
the  acoustic  paths,  but  only  over  a  limited 
azimuth  range.   However,  this  new  configuration 
has  its  own  limitations.  The  larger  separation 
between  the  vertical  path  and  the  horizontal 
paths  has  the  effect  of  lowering  the  high-fre- 
quency response  in  the  Reynolds  stress  cospectra. 
An  underestimation  in  the  10-m  stress  is  ex- 
pected but  little,  if  any,  error  should  occur 
at  the  higher  levels.   Another  limitation  (in- 
herent in  any  fixed  array)  is  the  underestima- 
tion caused  by  the  blocking  effect  of  the  upwind 
transducer  when  the  wind  blows  directly  along 
one  of  the  horizontal  axes.   Correction  for  this 
velocity  defect  is  made  in  the  data  processing 
software  with  a  first  degree  approximation  to 
the  wind  direction. 

The  sonic  anemometer  probes  used  at  BAO 
include  two-axis  probes  made  by  EG§G  (model  198-2) 
and  by  Ball  Brothers  Research  Corporation  (model 
125-198),  and  one-axis  probes,  all  made  by  Ball 
Brothers  Research  Corporation  (model  125-197). 
The  probe  electronics  are  of  the  EG&G  (model 
198-3)  type;  the  computer  interface  unit  (Kaimal 
et  al.,  1974)  was  originally  developed  at  the  Air 
Force  Cambridge  Research  Laboratories  for  their 
boundary  layer  research.  The  probe  electronics 
located  on  the  tower  fire  the  transmitters  on 
receipt  of  a  signal  from  the  interface  unit  and 
select  the  proper  triggering  point  on  the  wave- 
form picked  up  by  the  receivers.  Coaxial  cables 
connect  the  probe  electronics  to  the  computer 
interface  circuit  in  the  van  at  the  base  of  the 
tower.  The  latter  contains  the  timing  circuits 
needed  to  fire  the  transmitters  and  the  counters, 
and  holding  registers  to  measure  the  interval 
time  between  pulses  arriving  at  the  receivers. 
To  insure  proper  synchronization  in  data  sampl- 
ing, the  transmitters  at  all  levels  are  fired 
simultaneously  at  a  200  Hz  rate.  The  actual 
sampling  rate  for  these  and  other  fast  response 
sensors  is  10  Hz,  so  each  sample  is  an  average  of 
20  successive  transmissions.  This  block-averaging 
is  provided  to  minimize  aliasing  effects  in 
spectral  computations. 
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Figure  4.     Sketch  showing  retractable  boom  and  arrangement  of  sensors  on  it. 
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Fluctuating  temperature  is  measured  by 
a  platinum  wire  thermometer  (Atmospheric  Instru- 
mentation Research,  model  DT1A)  specially  engi- 
neered for  use  with  the  vertical  sonic  probe. 
Its  frequency  response  very  closely  matches  the 
path-averaged  response  of  the  sonic  wind  measure- 
ments.  The  sensor  consists  of  a  simple  bridge 
circuit  with  a  length  of  12-u  platinum  wire 
(nominally  150ft  at  20°C)  on  one  leg.   The  wire  is 
wound  on  a  helical  bobbin  of  the  author's  design 
attached  to  the  end  of  a  10-cm  rod  (see  Fig.  4). 
The  mechanical  support  provided  by  the  bobbin 
adds  considerably  to  the  useful  life  of  the  wire 
without  affecting  its  frequency  response  in  the 
0-5  Hz  range.   Unless  hit  by  debris  or  exposed  to 
freezing  rain,  the  wire  will  last  for  days  if 
not  weeks. 

The  low-noise,  low-drift  electronic 
circuitry  in  the  temperature  probe  has  an  output 
range  of  ±  10  v  corresponding  to  a  temperature 
range  of  ±  50°C.   The  wide  temperature  range 
makes  range  switching  unnecessary,  but  shifts  the 
burden  of  performance  to  the  multiplexer  and 
A/D  converter.   A  15-bit  A/D  converter  should 
provide  more  than  adequate  resolution  in  the 
temperature  fluctuation  measurements. 

An  attractive  feature  of  this  circuit 
is  its  simple  calibration  scheme  which  adjusts 
for  probe-to-probe  variations  in  wire  resistance 
and  insures  proper  relative  calibration  in  the 
output  signal.   The  data  acquisition  software 
uses  the  observed  mean  temperature  reading  at 
that  level  to  correct  for  the  nonlinearity  in  the 
platinum  temperature-resistance  curve. 

The  Lyman-Alpha  humidiometer  shown 
in  Fig.  4  represents  a  modified  version  of  the 
commercial  device  made  by  Electro  Magnetic 
Research  Corporation  (model  BLR) .   Plans  are 
underway  to  develop  a  more  compact  probe  with 
better  exposure  of  the  sampling  volume  to  the 
airflow.  Mean  temperature  and  dew  point  mea- 
surements made  at  each  tower  level  are  used  by 
the  data  acquisition  software  to  keep  the 
humidiometer  in  calibration  as  its  sensitivity 
changes  through  aging  and  contamination  of  the 
windows. 

The  other  two  sensors  on  the  boom 
are  slow-response  devices  for  measuring  mean 
temperature  and  mean  dew  point.   A  Hewlett 
Packard  quartz  thermometer  (model  2850A)  housed 
in  an  R.  M.  Young  aspirated  shield  (model  43404) 
measures  the  temperature.   An  absolute  accuracy 
of  ±  0.005°C  is  maintained  by  using  a  single 
reference  oscillator  for  the  probes  at  all  levels, 
by  periodically  calibrating  all  probes  at  the 
same  time  in  a  precision  temperature  bath,  and 
by  using  that  information  to  scale  the  readings 
at  each  level.   The  dew  point  is  measured  with 
a  Cambridge  Systems  hygrometer  (model  110-SM) , 
calibrated  in  the  manner  prescribed  by  the  manu- 
facturer.  On  top  of  the  tower,  attached  to  a 
vertical  mast,  is  mounted  an  Eppley  pyrheliom- 
eter  for  measuring  incoming  solar  radiation. 
The  outputs  of  these  sensors  are  sampled  once  a 
second  by  the  data  acquisition  system.   Signals 
from  all  sensors  on  the  tower  are  transmitted 
to  the  data  acquisition  system  through  cables 


installed  in  conduits  on  the  tower.  Additional 
signal  cables  and  power  outlets  are  provided  at 
each  level  to  accommodate  visitor  equipment. 

The  boom  on  the  carriage  is  designed 
to  handle  the  full  complement  of  standard  level 
instrumentation.   The  carriage  can  take  loads 
up  to  1200  kg  so  that  a  large  number  of  other 
sensors  may  be  added  at  a  later  date.   For 
convenience  of  data  transmission  all  sensors 
on  the  carriage  yield  analog  outputs.   Trans- 
mission of  the  signals  to  the  data  acquisition 
system  is  handled  through  a  cable  and  trolley 
arrangement  which  connects  to  a  terminal  box 
at  the  150  m  level.  The  carriage  sensors  are 
sampled  by  the  same  multiplexer  used  for  sampling 
all  other  analog  sensors  on  the  tower.   As  new 
sensors  are  added,  alternate  telemetry  systems 
will  be  used.   For  the  present,  however,  the 
direct  cable  link  offers  the  simplest  means 
for  sampling  the  fast-response  channels  on  the 
carriage. 

3.        GROUND- BASED  SENSORS 

These  fall  into  two  categories: 

(1.)  In-situ  sensors   measuring  atmospheric 
pressure,  rainfall,  net  radiation,  and  soil  heat 
flux.   The  raingauge,  net  radiometer,  and  soil 
flux  plates  are  located  at  a  spot  removed  from 
the  tower  and  other  structures  at  the  site. 
The  barograph  for  measuring  absolute  atmospheric 
pressure  is  installed  in  the  signal  processing 
van.   In  addition,  a  spatial  array  of  eight 
microbarographs  distributed  over  a  2  km  radius 
around  the  tower  senses  small  pressure  fluctua- 
tions signaling  the  advance  of  gust  fronts  and 
gravity  waves  (Hooke  et  al . ,  1973).   Signals 
from  all  these  sensors  are  sampled  once  per 
second  by  the  analog  multiplexer. 

(2.)  Remote  sensors   such  as  the  laser  triangle, 
the  FM-CW  Doppler  radar,  and  the  acoustic  sounder. 
These  remote  probes,  developed  at  the  Wave  Propa- 
gation Laboratory  in  recent  years,  measure 
parameters  that  complement  the  in-situ  measure- 
ments on  the  tower.  The  laser  triangle  consists 
of  three  crosswind  anemometers  (Lawrence  et  al., 
1972)  spanning  the  distance  between  the  outer 
guy  wire  anchor  points.   Instantaneous  measure- 
ments of  wind  convergence  at  the  base  of  the 
tower  are  computed  from  the  average  cross  winds 
measured  along  the  three  legs  of  the  triangle. 
The  FM-CW  Doppler  radar  (Chadwick  et  al . ,  1976) 
measures  winds  to  heights  up  to  1  km  in  clear 
air  and  operates  continuously  in  an  unattended 
mode.  The  measurements  are  not  degraded  by 
clouds  or  precipitation.  The  three  acoustic 
sounders,  one  at  each  corner  of  the  laser  triangle, 
document  the  heights  of  the  boundary  layer,  the 
presence  of  convective  plumes,  and  stably  strati- 
fied layers.   One  of  the  sounders  will  have 
bistatic  Doppler  wind  sensing  capability  through 
the  addition  of  two  fan-beam  transmitters. 

In  addition  to  these  remote  probes 
other  WPL  devices  (e.g.,  passive  microwave 
radiometers,  infrared  Doppler  lidars,  optical 
heat  flux  sensors,  pulse  dual -Doppler  radars) 
will  be  operated  at  the  BAO  as  needed.  Also, 
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new  techniques,  as  they  are  developed,  will  be 
tested  against  the  in-situ  measurements  on  the 
tower.  Arrangements  will  be  made  for  intercom - 
parison  of  remote  sensors  developed  in-house  and 
by  visiting  groups. 

4.        DATA  ACQUISITION  AND  RECORDING 

A  digital  computer  at  the  BAO  site 
controls  data  acquisition  from  the  tower  and 
ground- based  sensors.   The  Mobile  Micrometeoro- 
logical  Observation  System  (MMOS) ,  which  per- 
formed the  data  handling  in  past  boundary  layer 
experiments  (Haugen  et  al.,  1971;  Kaimal  et  al., 
1976),  is  now  used  for  this  purpose.  A  new 
system  built  around  NCAR's  PDP  11/34  computer 
will  soon  take  over  the  data  acquisition  and 
recording  functions.   This  system  is  in  a  tem- 
porary building  about  600  m  southwest  of  the 
tower  (see  Fig.  2).  The  system  will  be  housed 
in  more  permanent  quarters  when  NCAR's  Field 
Observation  Facility  moves  to  the  BAO  site. 
Underground  cables  link  the  computer  to  the 
signal  processing  circuits  at  the  base  of  the 
tower. 

The  sequence  of  data  handling  opera- 
tions is  shown  schematically  in  Fig.  5.  This 
sequence  may  undergo  modification  as  our  require- 
ments evolve.   Nevertheless,  the  block  diagram 
highlights  our  basic  approach  to  data  storage. 
It  was  clear  from  the  outset  that  recording  of 
all  sampled  data  (fast-response  data  at  10  Hz 
and  slow- response  data  at  1  Hz)  would  place  an 
unacceptable  burden  on  the  BAO  operation. 
The  problem  of  retaining  all  relevant  informa- 
tion in  the  bandwidth  of  our  measurements, 
operating  on  a  continuous  mode,  is  solved  by 


storing  the  high-frequency  information  in  the 
form  of  smoothed  spectral  and  cospectral  esti- 
mates and  the  low-frequency  information  as  time 
series.  The  high-frequency  data  are  needed  for 
computing  dissipation  rates  (e)  and  temperature 

2 
structure  parameters  (C_)  at  the  different  heights 

and  for  a  wide  range  of  studies  where  the 
inert ial  subrange  behavior  of  various  parameters 
is  of  interest.  A  1024-pt  fast-Fourier  transform 
(FFT)  spectrum  is  computed  every  2  min.   Succes- 
sive spectra  obtained  over  a  20  min  period  are 
first  averaged  in  time  and  then  block  averaged 
over  non-overlapping  frequency  intervals  (the 
first  few  estimates  excluded)  to  provide  a 
roughly  equal  spacing  of  center  frequencies 
on  a  logarithmic  plot.  A  density  of  approxi- 
mately 10  frequency  blocks  per  decade  (shown 
schematically  in  Fig.  6)  provides  a  smooth 
inertial  subrange  spectrum  with  more  than  ade- 
quate resolution  (Kaimal  et  al.,  1972).  Thus 
the  high-frequency  information  in  each  20  min 
period  (synchronized  with  the  line-printer 
output  of  data  summary)  is  compressed  to  roughly 
24  data  words  per  channel . 

The  low-frequency  information  is 
contained  in  two  parallel  time  series.  For 
computations  of  the  low-frequency  portion  of 
the  spectra,  the  original  10  Hz  data  are  block- 
averaged  in  10  sec  (100-pt)  non-overlapping 
blocks.  The  block  averaging  reduces  aliasing  and 
confines  the  mismatch  with  the  real-time  high- 
frequency  spectrum  to  the  region  of  overlap  (0.01 
to  0.05  Hz).   In  reconstructing  the  entire 
spectrum  only  spectral  estimates  below  0.01  Hz 
are  used,  while  the  entire  bandwidth  of  the 
real-time  spectrum  is  retained. 
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Figure  5.      Schematic  of  data  handling  for  archiving  and 
real-time  line  printer  output. 
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sensors  on  the  tower,  are  most  of  the  ground- 
based  sensors  at  the  site.  The  acoustic  sounder 
and  FM-CW  radar  outputs,  which  do  not  lend 
themselves  to  the  same  treatment  as  the  other 
outputs,  are  the  exceptions.  Their  outputs  are 
not  currently  included  in  the  archived  tape. 

In  addition  to  the  recordings  on 
magnetic  tape,  hard  copy  outputs  are  available  on 
the  line  printer  every  20  min  listing  such  param- 
eters as  means,  variances,  fluxes,  third  moments, 
dissipation  rates,  structure  parameters, 
Richardson  number  and  z/L.  These  outputs  serve  as 
a  quick  summary  of  meteorological  conditions  for 
observational  periods  on  hand,  but  even  more 
important,  they  are  useful  for  monitoring  sensor 
performance  during  experiments.  All  the  data 
from  the  sensors  (see  Fig.  5)  are  used  in  the 
real-time  computations  for  the  line  printer  out- 
put. 


Figure  6.      Typical  spectra  showing  bandwidths 
covered  by  the  smoothed  high-frequency 
spectral  estimates  and  the  block-averaged 
time  series,     n     and  n.  are  the  frequencies 
corresponding  to  the  spectral  peak  in  the 
logarithmic  spectrum  and  the  onset  of  the 
-5/3  region }   respectively . 


The  other  time  series  recorded  is 
a  grab  sample  every  10  sec  (last  sample  in  each 
10  sec  block).  This  time  series  contains  the 
turbulence  information  needed  to  compute  vari- 
ances, fluxes,  third  moments  and  other  turbu- 
lence parameters.   Important  high-frequency 
information  is  lost  in  the  block-averaging, 
which  renders  the  first  time  series  useless  for 
turbulence  calculations.   Haugen's  (1978)  anal- 
yses show  that  the  errors  in  estimates  of  vari- 
ances and  fluxes  with  these  10  sec  grab  samples 
are  of  the  same  order  as  the  deviations  from  the 
ensemble  average  determined  by  the  properties  of 
the  turbulent  flow  (Wyngaard,  1973). 

Typical  spectra  for  unstable  and 
stable  stratifications  are  shown  in  Fig.  6  to 
illustrate  the  approximate  range  covered  by  the 
high  frequency  spectrum.  The  daytime  spectral 
peak,  n  ,  corresponds  roughly  to  a  wavelength 

equal  to  1.5z.  (Kaimal  et  al.,  1976)  over  flat 

terrain,  where  z.  is  the  height  of  the  lowest 
inversion  base.   Also,  for  heights  above  O.lz., 
the  onset  of  the  -5/3  region  in  the  spectrum 
(seen  as  a  -2/3  slope  in  the  logarithmic  spec- 
tral representation),  indicated  by  n.  in  Fig.  6, 
corresponds  to  a  wavelength  equal  to  O.lz.. 
Under  typical  daytime  conditions  at  the  BAO,  the 
real-time  velocity  spectrum  above  100  m  should 
have  much  of  its  -5/3  region  covered  by  the 
high-frequency  spectrum.   The  relationships  for 
the  stable  spectra  above  22  m  have  yet  to  be 
established  but  preliminary  indications  are  that 
n  will  fall  roughly  in  the  region  where  the  low 
and  high  frequency  spectra  overlap. 

The  1  sec  samples  from  the  slow- 
response  sensors  are  also  averaged  in  10  sec 
non-overlapping  blocks.   Included  in  this  slow- 
response  category,  besides  the  mean  profile 


Non-standard  data  from  special  sensors 
and  from  visitor  equipment  installed  for  the 
duration  of  an  experiment  will  be  recorded  not 
on  the  archived  tape,  but  on  a  separate  magnetic 
tape.   It  should  be  pointed  out  that  the  system 
design  permits  parallel  recordings  of  non- 
standard sensors  as  well  as  other  groupings  of 
data  from  the  standard  sensors.   During  episodes 
of  concentrated  data  gathering  all  the  sampled 
data  may  be  recorded. 

5.        FUTURE  PLANS 

Several  experiments  have  been  scheduled 
at  the  BAO  for  the  coming  year.  They  range 
from  small  experiments  verifying  new  sensor 
performance  against  routine  tower  data  to  two 
large  cooperative  boundary  layer  experiments 
involving  other  agencies  and  university  groups. 
A  site  evaluation  experiment  in  April  will 
determine  how  well  the  boundary  layer  at  the  BAO 
site  approximates  boundary  layers  over  flat 
homogeneous  terrain.   NCAR's  aircraft  and  PAM 
system  will  be  in  operation  at  the  site  for  the 
duration  of  the  experiment.   In  August  a  more 
ambitious  boundary  layer  experiment  utilizing 
several  dual-Doppler  radars  and  radiosondes  in 
addition  to  the  aircraft  and  PAM  systems  will 
attempt  to  study  the  evolution  of  the  planetary 
boundary  layer  and  the  role  played  by  the  boundary 
layer  in  the  initiation,  development,  and  mainte- 
nance of  convective  storms. 

As  schedules  for  future  experiments 
are  being  drawn  up,  steps  are  being  taken  to  link 
the  BAO  data  acquisition  system  to  a  larger 
computer  system  at  the  Wave  Propagation  Labora- 
tory in  Boulder.   This  larger  system,  designed 
around  NCAR's  PDP  11/70  computer,  will  have 
multi-user  terminals  where  several  scientists 
can  perform  a  number  of  independent  computations 
and  analyses  of  recent  data  stored  in  disc  memory. 
The  two  computer  systems  are  marked  Station  A 
and  Station  B  in  Fig.  7.  When  the  two  stations 
are  linked  by  dedicated  phone  lines  all  standard 
data  will  be  transmitted  to  Station  B  for 
archiving.   Eventually,  as  the  link  to  NCAR's 
computing  facility  is  also  established,  the  BAO 
data  will  be  accessible  to  an  even  wider  group 
of  users  through  terminals  at  NCAR  and  phone 
links  to  other  computers  across  the  country. 
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Figure  7.     Bird' s-eye  view  of  the  BAO  site  indicating  data  links 
planned  with  computer  systems  at  WPL  and  NCAR. 
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EFFECTS  OF  WEATHER  AND  POLLUTION  ON 
INCIDENT  SOLAR  ENERGY  -  BASIC 
MEASUREMENTS  LEADING  TO  COMPUTER  MODELS 

G.  M.  Lerfald  and  V.  E.  Derr 
U.S.  Dept.  of  Commerce 
Environmental  Research  Laboratories 
Boulder,  CO  80302 

A  program  of  experimental  measurements 
and  analysis  is  being  conducted  to 
better  define  the  roles  played  by  the 
scattering  and  absorbing  components  in 
the  atmosphere  on  the  spectral  trans- 
mission of  solar  radiation.   These 
components  include  water  vapor,  strato- 
spheric ozone,  lithometeors ,  hydro- 
meteors  and  the  standard  atmospheric 
gases.   The  measurements  are  being  made 
in  several  climate  regimes.   Simul- 
taneous observations  by  a  large  back- 
scatter  lidar,  solar  spectral  photo- 
meters, infrared  radiometers,  acoustic 
sounder,  in  situ  particle  samplers,  and 
time  lapse  sky  cameras  permit  deter- 
mination of  each  of  the  absorbing/scat- 
tering components,  separately.   Data 
sets  have  been  collected  at  Boulder, 
Colorado,  Fairplay,  Colorado,  Colstrip, 
Montana,  and  Pt .  Mugu,  California. 
Measurements  are  planned  for  sites  in 
the  northeast  and  southeast  USA  next 
year. 

The  primary  objective  of  the  work  is  to 
provide  uniquely  complete  data  sets 
useful  in  the  testing  and  development 
of  computer  models  to  predict  and  map 
solar  radiation  characteristics  at 
ground  level. 

INTRODUCTION 


components  which  absorb  and  scatter  are 
hydrometeors ,  i.e.,  precipitation  and 
the  water  droplets  and  ice  crystals 
which  compose  clouds  ;  'id   fog,  litho- 
meteors, i.e.,  suspended  particulate 
matter,  water  vajor,  stratospheric 
ozone,  and  the  ai  •  itself.   A  consider- 
able amount  of  experimental  data  have 
been  collected  by  various  workers  on 
the  transmission  of  the  atmosphere  in 
various  wavelength  ranges,  but  in  most 
cases  auxiliary  measurements  on  the 
absorbers  and  scatterers  have  not  been 
available. 

A  pilot  study  completed  in  1976 
showed  that  a  combination  of  remote 
sensing  and  in  situ  techniques  could 
give  rather  complete  information  on  the 
atmospheric  components  which  affect 
solar  radiation.   The  program  described 
below  is  based  on  the  results  of  that 
pilot  study. 

EXPERIMENTAL  TECHNIQUES 

The  experimental  data  are  obtained  by 
simultaneous  measurements  with  the 
following  types  of  equipment:  (1)  a 
large  backscatter  lidar  probes  the 
atmosphere  to  obtain  the  backscatter 
coefficients  of  clouds  and  aerosols. 
The  lidar  is  operated  either  in  a  dual 
polarization  mode  or  in  a  dual  wave- 
length mode.   The  dual  polarized  data 
allows  distinguishing  spherical  from 
non-spherical  particles,  e.g.,  water 
droplets  from  ice  crystals  in  clouds 
and  smokestack  particles  from  mining 
dust  or  other  natural  aerosols. 


The  earth's  atmosphere  acts  as  a  complex 
and  constantly  varying  filter  which 
affects  radiation  arriving  from  the  sun. 
The  characteristics  of  the  energy  which 
impinges  at  a  ground  level  site  is 
determined  by  the  amounts  of  scattering 
and  absorption  experienced  by  the 
incoming  radiation.   Among  the  important  paper 


The  dual  wavelength  data  gives  rough 
information  on  the  size  distribution  of 
the  backscattering  particles.  The 
lidar  (see  Figure  1)  is  fully  steerable 
and  gives  information  on  the  height 


Superior  numbers  refer  to  similarly- 
numbered  references  at  the  end  of  this 
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profiles  and  horizontal  distributions 
of  clouds  and  aerosols.   Scans  in  a 
vertical  plane,  conical  scans  about  a 
vertical  axis  (constant  elevation 
angle)  and  tracking  at  an  angle  a  few 
degrees  from  the  sun,  may  each  be  used 
depending  on  the  situation. 

(2)  An  array  of  solar  spectral  photo- 
meters with  both  narrow  and  wide  band- 
width filters,  in  the  range  0.3  to  14 
um,  are  used  to  obtain  the  spectral 
intensity  of  the  solar  radiation. 
Certain  of  these  channels  were  chosen 
to  yield  measurements  of  the  total 
amounts  of  water  vapor  and  ozone  along 
the  sun-instrument  path,  and  others  are 
analyzed  to  deduce  the  size  distribu- 
tion of  aerosol  and  cloud  particles. 

(3)  A  solar  aureole  instrument  measures 
the  scattered  light  as  a  function  of 
angular  distance  from  the  sun  (8 
degrees  above  and  below)  in  four  wave- 
length ranges.  These  data  yield  esti- 
mates of  the  size  distribution  of  cloud 
and  aerosol  particles. 

(4)  Time  lapse  color  photography  of 
the  entire  sky  and  in  the  direction  of 
the  sun  (sun  blocked  out)  is  used  to 
record  the  general  weather  conditions, 
cloud  types,  cloud  geometry,  and 
atmospheric  optical  effects. 

(5)  In  situ  sampling  by  airborne  probes 
and  filter  samples  are  used  to  deter- 
mine aerosol  and  cloud  particle  char- 
acteristics including  size  distribu- 
tions, shapes  and  chemical  composition. 

(6)  An  acoustic  sounder  is  operated  to 
record  inversion  layers,  and  thermal 
plume  activity  in  the  0  to  4000  ft 
height  range. 

(7)  A  Standard  Eppley  normal  incidence 
pyrheliometer  (with  four  filters)  and 
pyranometer  are  recorded  routinely. 

The  data  are  all  recorded  on  magnetic 


tape  for  later  analysis.   Measurements 
are  made  intermittently  during  all 
seasons  at  Boulder,  Colorado  and  for 
periods  of  two  weeks  to  four  weeks 
(every  day)  at  the  other  observing 
sites . 

STATUS  AND  OBJECTIVES 

Only  partial  analysis  has  been  done  on 
the  data  sets  collected  at  the  sites 
mentioned  above.   The  output  from  the 
analysis  procedures  is,  initially,  time 
histories  of  the  measured  incident  solar 
spectral  intensities  and  the  time 
histories  of  the  measured  and  derived 
physical  parameters  of  the  atmospheric 
absorbers  and  scatterers.   The  physical 
parameters  and  the  method  of  measure- 
ment include: 

Physical  Parameter   Measurement  Method 


Total  Precipitable 
Water 

Total  Ozone  Content 

Aerosol  Height 
Distribution 

Aerosol  Total 
Loading 

Aerosol  Size  Dis- 
tribution 
(Remotely  Sensed) 


Aerosol  Size  Dis- 
tribution, Shape 
Factors  and 
Chemical  Com- 
position 

Cloud  Geometry  $ 
Height  Distri- 
bution 

Wide  Bandwidth 
Spectral  Direct 
Solar  Radiation 

Diffuse  Component 
of  Solar  Radia- 
tion 


Spectrophotometer 

Spectrophotometer 
Lidar  Backscatter 

Lidar  §  Spectro- 
photometer 

Dual  Wavelength 
Lidar,  Spectro- 
photometer and 
Solar  Aureole 
Photometer 

In  Situ  Sampling 
(Airborne  $ 
Ground) 


Lidar  £j  Time  Lapse 
Photography 

Pyrheliometer  with 
Filters 

Pyranometer  with 
Shade  Ring 
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Narrow  Bandwidth 
Spectral  Direct 
Solar  Radiation 

Angular  Scattering 
Functions  Due  To 
Aerosols  and/or 
Clouds 


Eight-Channel 
Spectrophoto- 
meter 

Solar  Aureole 
Photometer 


The  initial  model  development  will 
involve  using  the  measured  atmospheric 
parameters  as  input  to  compute  the 
anticipated  solar  spectral  intensities 
and  comparing  the  latter  to  the 
measured  spectral  intensities.   Another 
objective  involves  the  evaluation  of 
the  usefulness  of  routinely  collected 
weather  data  as  input  to  solar  radia- 
tion models  and  whether  or  not  new 
types  of  routine  weather  data  are 
needed  as  input  to  such  models. 

POTENTIAL  USEFULNESS  OF  MODELS 

The  development  of  improved  computer 
models  which  map  and  predict  solar 
radiation  would  be  a  boon  to  optimum 
utilization  of  solar  energy.   Such 
models  would  permit  evaluation  of  the 
effects  of  projected  changes  in  atmos- 
pheric quality,  e.g.  ,  an  increase  in 
air  pollution  near  an  urban  center  or 
pollution  due  to  the  expanded  use  of 
coal  to  generate  electric  power  in 
the  western  United  States. 

In  order  to  be  useful  to  the  planning 
of  different  types  of  solar  energy 
systems,  (e.g.,  solar  heating  panels, 
photovoltaic  cells,  and  solar  thermal 
power  stations),  the  models  will  need 
to  provide  information  on  the  spectral, 
angular,  and  time  variation  character- 
istics of  the  incident  solar  radiation. 
Our  efforts  involve  development  of  a 
physical  model  only,  i.e.,  relating 
the  atmospheric  components  to  the  in- 
coming solar  radiation.   Statistical 
models  based  on  solar  radiation  data 
networks,  cloud  cover  data,  etc.,  are 
in  existence  and  being  developed 
further.   Eventually,  combining 


physical  model  results  with  statistical 
models  and  models  of  costs  may  permit 
site  and  cost  evaluations  for  solar 
energy  systems  to  be  obtained  more 
reliably  than  is  possible  at  present. 

The  development  of  truly  adequate  solar 
radiation  models  is  likely  to  be  a 
challenging  task,  particularly  as  con- 
cerns the  effects  of  clouds.  The  data 
collected  in  this  program  should  allow 
the  testing  of  various  approaches  to 
improved  physical  models  and  hopefully 
indicate  the  best  methods  to  apply. 

This  work  is  sponsored  by  the  Division 
of  Solar  Technology,  Environmental  and 
Resource  Assessment  Branch,  U.S.  Depart- 
of  Energy. 
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A  Comparison  of  Anemometer-  and  Lidar-Sensed  Wind  Velocity  Data 
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(Manuscript  received  9  February  1978,  in  final  form  1  April  1978) 

ABSTRACT 

Comparisons  between  measurements  of  a  wind  component  by  a  Doppler  lidar  and  by  a  conventional 
anemometer  are  presented.  The  two  measurement  techniques  provided  thirteen  15  min  data  sets  which 
agreed  within  0.04  m  s_1  on  the  average.  The  maximum  difference  was  0.12  m  s_1,  which  constitutes  less 
than  3%  discrepancy,  referred  to  the  period  average.  The  results  conclusively  demonstrate  the  ability 
of  Doppler  lidar  to  measure  winds  with  a  high  degree  of  velocity  resolution  and  accuracy. 


1.  Introduction 

This  report  presents  the  results  of  an  experiment 
to  compare  wind  measurements  obtained  from  a  con- 
tinuous-wave C02  Doppler  lidar  and  from  a  conven- 
tional anemometer.  The  ability  of  various  types  of 
remote  probes  to  measure  winds,  particularly  within 
the  atmospheric  boundary  layer,  has  been  frequently 
demonstrated  in  recent  years.  A  comprehensive  sum- 
mary, with  extensive  references,  has  been  given  by 
Little  (1972).  Two  very  attractive  features  of  remote 
probes  are  their  abilities  to  measure  atmospheric 
parameters  without  disturbing  the  flow  as  in  situ 
sensors  do  and  to  scan  through  large  volumes  of  the 
atmosphere  as  in  situ  sensors  cannot.  It  is  essential, 
however,  that  the  accuracy  and  the  velocity  resolution 
of  a  remote  probe  be  assured  by  comprehensive  testing ; 
it  is  intended  that  the  results  presented  here  provide 
an  example  of  such  a  test  by  comparison.  Another 
test  between  a  C02  Doppler  lidar  and  an  anemometer, 
from  a  different  point  of  view  and  at  shorter  range, 
has  been  presented  by  Lawrence  et  al.  (1972). 

2.  Sensor  description 

The  continuous-wave  C02  Doppler  lidar  has  a  trans- 
mitted power  level  of  3  W,  a  beam  diameter  when 
focused  at  150  m  of  3  cm,  and  a  wavelength  of  10.59  /zm. 
The  coaxial  lidar  receiver  mixes  backscattered  energy 
from  atmospheric  aerosols  within  the  probing  volume 
with  a  small  fraction  of  the  transmitted  energy.  The 
Doppler  frequency  shift  of  the  backscattered  energy 
is  related  to  the  wind  component  along  the  laser  beam 
axis  by  the  relationship 

A/=2F/X,  (1) 

where  A/  is  the  Doppler-frequency  shift,  X  the  wave- 
length and  V  the  wind  component  along  the  beam. 
In  actual  practice,  the  backscattered  energy  is  from 


a  volume  of  the  atmosphere  within  which  a  random 
set  of  velocity  values  exist.  As  a  result,  the  returned 
energy  is  not  found  at  a  single  Doppler  frequency 
shift,  but  is  spread  over  a  finite  frequency  band.  It  is 
necessary,  therefore,  to  process  the  signal  return  in 
some  manner  to  obtain  a  meaningful  estimate  of  A/ 
for  the  sample  volume  selected.  In  our  case  the  fre- 
quency spectra  of  A/  are  obtained  every  0.6  s  with 
an  electronic  spectrum  analyzer.  The  output  of  the 
analyzer  is  then  fed  to  an  eductor  with  a  5  s  time 
constant.  The  analog  output  of  the  eductor,  updated 
every  0.6  s,  is  then  recorded  on  magnetic  tape  for 
off-line  processing.  The  "estimate"  of  A/  required 
for  Eq.  (1)  is  obtained  from  the  first  moment  of 
Doppler  spectrum,  and  these  first  moments  are  then 
averaged  over  the  time  interval  desired  for  an  averaged 
value  of  V.  Although  not  utilized  in  this  study,  the 
total  backscattered  intensity  (zeroth  moment)  and 
frequency  spread  (second  moment)  are  available  as  well. 
The  anemometers  used  were  a  prop-vane  (R.  M. 
Young  Model  8002)  and  a  three-axis  propeller  ane- 
mometer (R.  M.  Young  Model  27002).  The  prop-vane 
was  used  to  measure  the  horizontal  wind  components; 
the  propeller  anemometer,  the  vertical  wind  com- 
ponent. The  prop-vane  was  mounted  on  a  tower  at 
a  height  of  31  m ;  the  propeller  anemometer  at  38  m. 
Calibration  of  the  anemometers  was  provided  by  the 
manufacturer. 

3.  Experimental  procedures 

The  laser  was  located  west  of  the  tower  with  a 
beam  elevation  angle  of  10.9°  and  oriented  along  an 
azimuth  of  101°.  The  sampling  volume  was  at  a  slant 
range  of  147  m.  This  positioned  the  sampling  volume 
1  m  below  the  prop-vane.  The  sampling  volume  was 
roughly  a  cylinder,  20  m  long  and  3  cm  in  diameter, 
centered  beneath  the  prop-vane. 
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Table  1.  Statistical  results  of  lidar-anemometer 
comparisons. 


Tower 

Doppler 

Correlation 

Averaging 

com- 

com- 

Run 

coefficient 

period 

ponent 

ponent 

no. 

(1  min) 

(MDT) 

(m  s-') 

(m  s"1) 

14 

* 

1023-1038 

3.13 

3.19 

15 

0.972 

1340-1353 

4.32 

4.34 

1353-1407 

4.52 

4.64 

16 

0.960 

1432-1454 

5.00 

5.01 

18 

0.987 

0702-0721 

1.12 

1.14 

19 

0.994 

0745-0801 

0.92 

0.98 

0801-0816 

0.75 

0.77 

0816-0830 

0.29 

0.33 

20 

0.978 

0844-0859 

0.45 

0.50 

0859-0914 

0.62 

0.63 

0914-0934 

1.18 

1.24 

22 

* 

1335-1350 

0.35 

0.38 

1350-1405 

0.55 

0.56 

*  Only  15  min  averages  of  anemometer  data  were  available. 

The  in  situ  anemometers  were  sampled  once  a  second 
by  a  computer-controlled  data  acquisition  system 
(Kaimal  et  al.,  1966)  and  1  min  averages  of  the  three 
wind  components  were  computed  and  listed  in  real 
time.  The  laser  data  were  recorded  every  0.6  s  and 
processed  later  to  obtain  corresponding  1  min  averages 
by  computing  the  first  moment  of  the  1  min  averaged 
spectra.  The  anemometer  data  were  used  to  compute 
1  min  averaged  components  along  the  lidar  line  of 
sight.  Data  for  168  min  were  obtained  over  a  range 
of  average  wind  speeds  from  roughly  0.3  to  5.0  m  s-1. 
Weather  conditions  ranged  from  clear  skies  to  mod- 
erate snowfall,  with  mildly  convective,  nonshear 
situations  predominant. 

The  1  min  averages  were  used  to  obtain  correlation 
coefficients  as  one  statistical  measure  of  the  agreement 
between  the  two  data  sets.  Average  values  of  the 
wind  components  over  periods  ranging  from  12  to 
20  min  were  also  computed  for  direct  comparison  of 
absolute  mean  values. 

4.  Results 

A  summary  of  the  results  is  given  in  Table  1.  The 
correlation  coefficients  over  runs  of  ~15  min  range 
from  0.96  to  0.99.  The  average  correlation  coefficient 
is  0.979.  The  mean  values  for  the  13  periods  show 
differences  between  lidar  and  anemometer  values 
ranging  from  0.01  to  0.12  m  s-1.  The  overall  mean 
difference  between  lidar  and  anemometer  values  is 
0.04  m  s-1. 

A  time-sequence  plot  of  the  data  for  Runs  15  and  16 
(Fig.  1)  shows  how  well  the  two  data  sets  track 
each  other. 

From  Fig.  1  we  note  that,  under  changing  wind 
conditions,  the  lidar  data  generally  show  higher  and 
lower  values  than  the  anemometer  values.  This  result 
was  generally  true  for  the  entire  data  set.  This  is  an 


expected  feature  of  the  comparison  since  the  laser 
is  not  limited  in  its  response  to  turbulent  fluctuations 
in  the  wind  whereas  the  anemometers  are. 

On  the  other  hand,  the  comparison  of  the  average 
values  shown  in  Table  1  is  mildly  surprising  in  that 
the  laser  values  are  consistently  higher  than  the 
anemometer  values.  In  general,  one  expects  the  ane- 
mometers to  overestimate  the  mean  wind  speeds  in 
turbulent  conditions  (Izumi  and  Barad,  1970). 

Nevertheless,  the  overall  conclusion  must  be  that 
the  agreement  is  excellent  and  that  one  may  therefore 
use  the  laser  for  atmospheric  wind  speed  measure- 
ments with  great  confidence.  There  are  only  two 
significant  practical  limitations  to  the  Doppler  lidar 
as  a  remote  sensor.  One  is  that  it  depends  on  natural 
aerosols  for  the  scattered  return.  In  perfectly  clear 
air,  no  return  is  obtained.  It  is  estimated  (Post  and 
Schwiesow,  1976)  that  an  aerosol  concentration  of 
roughly  5000  m~3  for  particles  of  radius  2  /jm  or  larger 
is  sufficient  to  give  adequate  signal  return  for  this 
apparatus  to  make  Doppler  laser  wind  measurements 
to  a  range  of  150  to  200  m.  This  is  an  aerosol  con- 
centration typical  of  a  clear  day  in  rural  areas  with 
visibilities  in  excess  of  50  km.  This  limitation  may  be 
reduced  significantly  with  an  improved  spectrum 
analyzer. 

The  other  limitation  is  a  range  limitation.  Because 
the  length  of  the  volume  resolved  by  the  focused 
lidar  beam  increases  as  the  square  of  the  range,  the 
practical  resolved  range  of  this  lidar  is  limited  to 
roughly  500  m.  And,  of  course,  heavy  snowfall,  rain 
or  dense  fog  will  limit  the  range  of  the  device  because 
of  attenuation  from  scattering  and  absorption  effects. 

However,  these  limitations  do  not  affect  the  poten- 
tial of  the  device  for  a  number  of  significant  atmo- 
spheric studies.  Tower-induced  turbulence  is  an  ever- 
present  problem  with  in  situ,  tower-mounted  probes 
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Fig.  1.  Runs  15  and  16  of  lidar-anemometer  comparisons  on 
27  -February  1976.  Lidar  and  anemometer  data  points  occur  at 
different  times  because  of  time  offsets  between  the  separate 
data  processing  procedures. 


308 


August  1978 


POST     E T    A  L. 


1181 


(Angell  and  Bernstein,  1976).  Absolute  calibration  of 
conventional  anemometers  for  measurement  of  a  tur- 
bulent wind  field  is  an  inexact  science  at  best 
(MacCready,  1966).  It  is  therefore  desirable  to  exploit 
remote  sensing  techniques  as  much  as  possible. 

The  lidar  used  in  this  study  is  limited  at  the  moment 
in  that  it  measures  only  the  line-of-sight  wind  com- 
ponent. However,  this  limitation  may  be  eliminated 
by  operating  the  laser  in  a  VAD  (Velocity-Azimuth- 
Display)  mode  or  by  adopting  a  coherent  differential 
Doppler  mode  (Schwiesow  et  al.,  1977). 

Work  is  underway  to  permit  real-time  processing 
of  the  laser  wind  data  and  to  introduce  various  elec- 
tronic modifications  to  improve  the  signal-to-noise 
ratio  of  the  device.  On  the  basis  of  the  results  reported 
here,  we  are  planning  to  use  the  lidar  to  measure 
vertical  wind  speeds  over  a  depth  of  300  m  at  the 
Boulder  Atmospheric  Observatory,  a  new  research 
facility  of  the  Wave  Propagation  Laboratory  (Hall, 
1977).  We  believe  that  the  laser  is  an  excellent  device 
to  measure  vertical  wind  speeds  with  an  accuracy 
impossible  to  achieve  with  in  situ  instruments  mounted 
on  a  tower. 
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IMPROVED  DETERMINATION  OF  VERTICAL  TEMPERATURE  PROFILES 

OF  THE  ATMOSPHERE  BY  A  COMBINATION  OF  RADIOMETRIC  AND  ACTIVE 

GROUND -BASED  REMOTE  SENSORS 


Ed  R.  Westwater 

NOAA/ERL/Wave  Propagation  Laboratory 
Boulder,  Colorado  80302 


1. 


INTRODUCTION 


Tb(v) 


Ground- based  microwave  radiometric 
techniques  have  heretofore  yielded  smoothed, 
but  useful,  replicas  of  vertical  temperature 
(Yershov  et  al.,  1975;  Decker  et  al.,  1977). 
These  techniques  derive  profiles  by  integral 
inversion  of  multi-spectral  or  multi-angle  mea- 
surements of  atmospheric  radiation.  Although  the 
gross  features  of  the  profiles  are  inferred,  it 
is  known  (Conrath,  1972)  that  the  spatial  re- 
solution of  the  derived  profiles  is  inherently 
limited  by  the  smoothness  and  interdependence  of 
the  weighting  functions  of  radiative  transfer. 

Returns  from  active  sounders  such  as 
the  acoustic  sounder  (Hall,  1972;  Russell  and 
Uthe,  1977)  or  the  FM-CW  radar  (Gossard  et  al., 
1970)  have  shown  a  high  degree  of  atmospheric 
structure,  but  the  received  signals  are  not 
simply  related  to  the  temperature  distribution. 
However  Russell  and  Uthe  (1977)  have  shown  that, 
for  altitudes  less  than  about  800  m,  the  height 
of  nocturnal  inversions  and  the  base  height  of 
elevated  (subsidence)  inversions  can  be  deduced 
accurately  (usually  to  well  within  100  m)  from 
acoustic  sounder  records.  Similar  agreement 
between  the  height  of  FM-CW  radar  echoes  and  the 
base  of  the  trade  wind  inversion  was  obtained  by 
Richter  and  Gossard  (1970). 

It  is  plausible  that  a  combination 
of  the  radiometric  technique,  which  yields 
gross  information  on  the  absolute  temperature 
profile,  and  an  active  technique,  which  yields 
detailed  information  about  the  height  of  signi- 
ficant points  of  the  profile,  could  significantly 
improve  the  profile  recovery.  We  demonstrate 
that  this  is  indeed  the  case  by  first  presenting 
an  inversion  method  that  combines  the  active 
and  passive  information.  Next  we  evaluate  the 
theoretical  accuracy  of  the  combined  system,  for 
a  climatology  and  location  at  which  the  passive 
microwave  temperature  sensing  capabilities  had 
previously  been  evaluated.  Finally,  we  show 
profile  retrievals,  determined  from  experimental 
radiometric  data  and  hypothetical  height  infor- 
mation, and  compare  these  with  profiles  derived 
from  passive  information  alone. 


2. 


INVERSION  TECHNIQUE 


The  general  principles  of  microwave 
radiative  transfer  and  radiometry  are  discussed, 
for  example,  by  Staelin  (1969)  and  many  of  the 
equations  and  terms  of  this  field  are  discussed 
there.   In  particular,  the  microwave  atmospheric 
radiation  field,  as  described  by  the  brightness 
temperature  T,(v),  is  related  to  the  temperature 
profile  T(u)  by 


=  / 
o 


du  T(u)W(v,u) 


(1) 


In  (1),  W(v,u) ,  the  weighting  function  at  fre- 
quency v  and  coordinate  u,  depends  slightly  on  the 
spatial  distributions  of  temperature  and  humidity. 
The  coordinate  u  can  be  any  monotonically  in- 
creasing function  of  height.  We  choose  u  to  be 
the  difference  between  the  surface  pressure  P 

and  the  pressure  at  altitude  h,  P(h).  By  using 
statistical  inversion  (Westwater  and  Strand, 
1968;  RodgersA  1971),  an  estimate  of  the  tempera- 
ture profile  T(u)  can  be  derived  from  a  data 
vector  d  of  brightness  temperature  and  surface 
meteorological  observations: 


T(u)  =  <T(u)>E  +  DE(u)(d 


where , 


^>E). 


DE(u)  =  <T'(u)  d'T>E<d'  d'V;1 


(2) 


(3) 


In  (2)  and  (3) ,  primed  quantities  refer  to 
departures  from  average  values  and  T  means  matrix 
transposition.   The  notation  <#>F  means  ensemble 
average  over  a  joint  ensemble  E  of  temperature 
profiles  and  data  vectors  d. 
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Previously  (Westwater  et  al.,  1975; 
Waters  et  al.,  1975),  ensembles  used  in  construct- 
ing inversion  coefficients  were  chosen  strictly 
on  a  climatological  and/or  a  geographical  basis. 
If,  however,  an  active  sounder  can  specify  that  a 
temperature  profile  has  inflection  points  within 
certain  altitude  ranges,  then  it  is  appropriate 
to  infer  radiometrically  this  profile  using 
coefficients  derived  from  an  ensemble  that  con- 
tains inflection  points  only  within  the  appro- 
priate ranges. 

In  this  work,  we  have  constructed 
inversion  coefficients  from  ensembles  determined 
by  the  lowest  inflection  point  (inversion  base) 
only.  As  will  be  seen  below,  this  single  piece 
of  information  affords  a  large  reduction  in 
temperature  variance,  with  a  subsequent  improve- 
ment in  retrieval  of  profile  details. 

3.        ACCURACY  PREDICTIONS  OF^COMBINED 
ACTIVE  AND  PASSIVE  SYSTEMS 

By  following  the  methods  described  by 
Westwater  and  Strand  (1968) ,  the  expected  standard 
deviation  in  profile  retrieval  accuracy  can  be 
predicted  as  a  function  of  weighting  functions, 
measurement  noise  level,  and  climatology.  Assum- 
ing that  an  active  sounder  can  pick  out  the  first 


temperature  inflection  point  to  within  10  mb, 
we  can  compute  the  radiometrically  achieved 
standard  deviation  for  each  10  mb  increment  up 
to  some  cutoff  level. 

The  ensemble  from  which  we  constructed 
inversion  coefficients  is  a  set  of  340  soundings 
at  Pt.  Mugu,  California  taken  during  June-July- 
August  of  1973-1974.  Table  1  shows  the  number 
of  profiles  that  contained  first  inflection 
points  in  the  indicated  pressure  difference 
interval.  About  95%  of  the  inversion  bases  are 
contained  in  the  first  100  mb  above  the  surface. 


Table  1.     Numbers  of  profiles  containing  initial 
temperature  inflection-points  within  selected 
pressure  difference  categories. 
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Number  of  profiles 


0.0 

9.99 

10.0 

19.99 

20.0 

29.99 

30.0 

39.99 

40.0 

40.99 

50.0 

50.99 

60.0 

60.99 

70.0 

70.99 

80.0 

80.99 

90.0 

100.99 

100.0 

110.99 

110.0 

120.99 

120.0 

130.99 

130.0 

140.99 

140.0 

150.99 

150.0 

160.99 

160.0 

199.99 
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209.99 

62 
37 
33 
39 

47 
29 
26 

22 
15 

8 
8 

5 
3 

4 
0 

1 
0 
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For  each  of  the  sub- ensembles  up  to 
80  mb  above  the  surface,  expected  standard  devia- 
tions were  computed  using  as  predictors  the 
following  variables:   surface  values  of  T,  P, 
and  rel.  hum.,  brightness  temperatures  at  22.235 
(water  vapor  channel),  31.65  (cloud  channel), 
52.85,  53.85  and  55.45  (temperature  channels) 
GHz.  Radiometric  noise  levels  of  1  K  were 
assumed.  Typical  results,  namely  for  the  ensemble 
containing  inversion  bases  in  the  70-80  mb 
interval,  are  shown  in  Fig.  1.  The  radiometer 
uses  the  height  information  to  achieve  roughly 
a  5  to  1  reduction  in  standard  deviation  over 
the  radiometer  alone,  in  the  region  below  the 
inversion  base.  Above  this  level  the  reduction 
is  still  substantial,  being  about  30%.  As  might 
be  expected  curve  3  shows  that  the  temperature 
below  the  (elevated)  inversion  base  can  be  well 
estimated  from  knowledge  of  the  base  height  and 
surface  conditions. 
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Figure  1.     Expected  standard  deviation  in  radio- 
metric temperature  profile  retrievals  for 
ensemble  containing  inversion  bases  70  to 
80  mb  above  the  surface.     A  priori  ensemble 
from  Pt.  Mugu,   California,  June- July-August, 
1973-1974. 


4. 


TEMPERATURE  PROFILE  RETRIEVALS 


To  study  the  feasibility  of  passive 
microwave  remote  sensing  of  temperature  profiles 
from  an  ocean  buoy,  a  joint  experiment  of  the 
Jet  Propulsion  Laboratory  and  the  Wave  Propaga- 
tion Laboratory,  NOAA,  was  recently  conducted 
(Decker  et  al.,  1977).  Five-channel  radiometer 
data,  taken  during  both  clear  and  cloudy  condi- 
tions, were  inverted  to  derive  vertical  tempera- 
ture (and  humidity)  profiles.  To  investigate  the 
improvement  in  resolution  that  active  measure- 
ments could  add,  the  data  were  also  inverted 
using  coefficients  determined  by  lowest  inflec- 
tion point  of  the  profile.  Examples  of  these 
retrievals  are  shown  in  Figs.  2  and  3.  Note  the 
improvement  in  retrieval  accuracy  below  the 
inversion  base.  A  further  retrieval  example  is 
given  in  Fig.  4.  This  profile  has  a  slight 
surface  based  inversion  about  10  mb  above  the 
surface  and  a  relatively  intense  elevated  in- 
version about  70  mb  above  the  surface.  When  the 
radiometer  data  are  inverted  with  0-10  mb  coeffi- 
cients, little  improvement  over  the  original 
retrieval  is  evident.  However,  when  coefficients 
appropriate  to  the  60-70  mb  level  are  used,  a 
much  closer  correspondence  is  obtained.  This 
suggests  that  some  discretion  is  needed  in  the 
application  of  the  technique  to  profiles  that 
contain  multiple  inversion  layers. 
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Figure  3.      Temperature  retrievals  at  Ft.   Mugu,    California,    7/29/76,   0459  PDT. 
A  =  retrieval  without  height  information.     B  =  retrieval  with  knowledge^  of 

height' of  elevated  inversion.     =  radiosonde  profile.     —  =  retrieved 

profi le . 

155 
312 


00 


o 

00 


o 

UJ 


O- 


|  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  ■  I  I 
-70   -CI   -ft   -4*   -II   -II   -10   I    II   tl   SI 

TEMPERATURE  (C) 


TEMPERATURE  (C) 


=> 
in 


o 


z 

LU 


O. 


•M     -51     -41     -SI     -21     -||       I        II       21       SI 

TEMPERATURE   (C) 


Figure  4.      Temperature  retrievals  at  Pt.   Mugu, 
California   7/20/76,    0505  PDT.      A  =  retrieval 
without  height  information.     B  =  retrieval 
using  ooeffioients  constructed  for  inflection 
points  in  the  0-10  mb  pressure  difference 
interval.      C  =  retrieval  using  coefficients 
constructed  for  inflection  points  in  the 
60-70  mb  pressure  difference  interval. 

=  radiosonde  profile.      =  retrieved 

profile. 


5.  CONCLUDING  REMARKS 

Both  theoretical  results,  based  on 
predictions  of  the  statistical  theory  of  inver- 
sion, and  the  results  of  profile  retrievals  from 
radiometric  data,  indicate  that  improved  tempera- 
ture retrievals  can  result  from  the  incorporation 
of  profile  inflection  points  into  mathematical 
inversion  schemes.  Crucial  to  our  presentation 
is  the  assumption  that  active  sounders  can  mea- 
sure inversion  heights  to  an  accuracy  of  10  mb 
(y   100  m) .   In  many  instances  this  can  easily  be 
done;  in  other  cases,  such  as  complex  temperature 
profiles  with  many  inflection  points,  ambiguity 
may  arise.   Further  work  is  justified  in  studying 
the  limitations  and  also,  the  possible  extensions, 
of  combined  active-passive  systems. 
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ABSTRACT 

A  second-order  turbulence  model  is  used  to  study  the  stable  boundary  layer  (SBL).  Over  a  horizontal 
surface,  a  constant  surface  cooling  rate  drives  the  SBL  to  a  steady  state  within  a  few  hours.  Parameteriza- 
tions  are  developed  for  eddy  diffusivities,  the  kinetic  energy  dissipation  rate  and  the  geostrophic  drag  law 
in  this  idealized  case.  Over  a  sloped  surface,  a  constant  cooling  rate  produces  a  quasi-steady-state  SBL  in 
which  some  flow  properties  continue  to  vary  but  h(  |/|/«»Z,)*  becomes  constant;  however,  this  constant  is 
a  function  of  the  wind  direction  relative  to  the  slope  and  the  baroclinity,  as  measured  by  the  cooling  rate 
times  the  slope.  Calculated  eddy  diffusivity  profiles  in  the  baroclinic  (sloping  terrain)  case  compare  well  with 
recent  data  from  Antarctica.  If  a  surface  energy  budget  is  used  rather  than  a  constant  cooling  rate,  the  SBL 
does  not  reach  a  steady  state  even  over  a  horizontal  surface;  the  nondimensional  height  slowly  decays. 
We  conclude  that  equilibrium  models  of  the  SBL  are  likely  to  be  much  less  applicable  to  the  real  world 
than  are  their  counterparts  for  the  convective  boundary  layer. 


1.  Introduction 

The  atmospheric  boundary  layer  is  often  statically 
stable.  Over  land,  a  stable  boundary  layer  (SBL) 
develops  almost  every  night  and  in  winter  it  frequently 
also  exists  during  the  day.  Over  water,  an  SBL  is 
commonplace  at  high  latitudes  and  over  cold  currents. 

In  this  numerical  study  we  describe  the  broad  charac- 
teristics of  an  SBL  which,  although  somewhat  idealized, 
has  many  of  the  important  features  of  the  real-world 
case.  We  examine  the  influences  of  terrain  slope,  the 
feedback  between  the  surface  energy  budget  and  the 
atmosphere,  and  the  effect  of  different  surfaces.  A 
principal  goal  is  to  assess  the  applicability  of  the  ideal- 
izations often  made  in  planetary  boundary  layer  studies 
(e.g.,  quasi-steady  state,  barotropic  flow)  to  the  stably 
stratified  case. 

There  have  been  several  numerical  studies  of  the 
SBL,  but  none  has  adequately  addressed  the  question 
of  the  existence  of  a  steady  state.  Some  claimed  it  did 
not  exist;  others  claimed  it  could  occur  under  the 
proper  cooling  conditions ;  still  others  simply  assumed 
its  existence  and  examined  its  structure. 

Deardorff  (1972)  simulated  the  time  evolution  of  a 
set  of  SBL  observations  using  height-  and  stability- 
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dependent  eddy  diffusivities.  He  concluded  that  the 
depth  h  of  the  SBL  was  time-dependent  and  could  not 
be  parameterized  by  a  diagnostic  equation. 

Businger  and  Arya  (1974),  also  using  height- 
dependent  and  stability-dependent  eddy  diffusivities, 
solved  directly  for  the  steady-state  structure,  and 
found  that  h  obeyed  the  diagnostic  equation  of  Zilitin- 
kevich  (1972) ;  however,  they  obtained  no  information 
on  the  approach  to  steady  state. 

Using  a  model  in  which  the  eddy  diffusivities  were 
parameterized  in  terms  of  the  predicted  turbulent 
energy,  Delage  (1974)  found  the  SBL  approached 
steady  state  after  several  hours  with  a  realistic  decaying 
cooling  rate.  He  concluded  that  h  grew  while  the 
inertial  velocity  overshoot  just  above  the  boundary 
layer  was  growing  and  hence  the  velocity  shear  across 
the  SBL  was  increasing,  but  when  the  shear  decreased 
h  stopped  growing  and  steady  state  was  reached. 

Wyngaard  (1975)  integrated  a  second-order  turbu- 
lence numerical  model  and  demonstrated  that  the  SBL 
could  approach  steady  state  after  2-8  h,  depending  on 
the  specified  constant  cooling  rate  at  1  m.  He  also  found 
that  h  obeyed  Zilitinkevich's  similarity"prediction. 

In  this  study,  we  simplify  the  turbulence  model  of 
Wyngaard  (1975 ;  hereafter  called  W75)  and  reduce  it 
to  a  means  of  calculating  eddy  diffusivities  for  heat  and 
momentum.   Because  the   closure   approximations  in 
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second-order  models  remain  somewhat  controversial, 
we  have  chosen  not  to  focus  on  the  details  of  the 
calculated  SBL  structure,  which  can  be  somewhat 
model-dependent.  Instead,  our  emphasis  is  on  the  gross 
dynamics  of  the  SBL  and  the  influences  of  real-world 
features  such  as  sloping  terrain  and  a  variable  cooling 
rate. 

2.  The  model 

We  consider  an  infinite,  flat,  but  sloped  (at  a  small 
angle  /3  to  the  horizontal)  surface  of  uniform  roughness 
and  temperature.  We  take  the  boundary  layer  thickness 
to  be  constant  along  the  slope,  and  allow  mean 
quantities  to  vary  only  in  the  direction  normal  to  the 
surface  (z)  and  in  time.  Following  Lumley  and  Panofsky 
(1964),  we  denote  the  temperature,  pressure  and  density 
values  for  an  undisturbed,  adiabatic  atmosphere  with  a 
subscript  zero.  We  take  these  as  the  values  existing 
throughout  the  SBL  at  transition.  Thus,  for  example, 
mean  temperature  T  is  written  as  Tq-\-T',  where  7"  is 
the  deviation  from  the  adiabatic  state.  We  choose  the 
x  and  y  directions  parallel  to  the  surface,  and  write  the 
Boussinesq  equations  for  mean  wind  components  U 
and  V  in  the  x  and  y  directions  as 

dU  1  dP'      g  d_ 

— =fV T'\fi\  cosr uw,  (1) 

dt  po  dx      To  dz 

dV  1  dP'      g  d_ 

— =-/U H — T'\0\  sin> vw.      (2) 

dt  po   dy     To  dz 

Here  y  is  the  angle,  measured  counterclockwise,  from 
the  fall-line  vector  (the  vector  perpendicular  to  the 
contour  lines  and  pointing  down  the  slope)  to  the  x  axis. 
We  assume  the  pressure  gradients  in  (1)  and  (2)  are 
independent  of  z,  and  define  the  usual  geostrophic  wind 
components  Utt  and  V„  by 

PofU.  =  -  dP'/dy,    pofV„  =  dP'/dx. 

For  stable  conditions  J"  is  negative  and  produces  a 
katabatic  (downslope)  acceleration.  Thus  the  terrain- 
slope  terms  in  (1)  and  (2),  when  added  to  the  pressure- 
gradient  terms,  give  an  effective  pressure  gradient  that 
depends  on  z ;  a  similar  situation  exists  in  the  baroclinic, 
unsloped  case  with  a  horizontal  temperature  gradient. 

The  existence  of  a  height-dependent  effective  pressure 
gradient  in  the  SBL  over  sloped  terrain  is  well-known. 
It  is  an  important  component  of  Lettau's  (1967) 
explanation  of  the  nocturnal  jet  over  the  Great  Plains. 
Also,  it  must  be  considered  in  any  description  of  winds 
over  Antarctic  slopes  (e.g.,  Ball,  1960 ;  Dalrymple  et  at., 
1966 ;  Mahrt  and  Schwerdtfeger,  1970)  or  over  the  slopes 
of  Greenland  (Schwerdtfeger,  1972). 

The  mean  potential  temperature  equation  is 


Our  lower  boundary  condition  on  potential  tempera- 
ture is  provided  by  either  a  constant  cooling  rate 
(dS/dt)  or  a  surface  energy  budget.  In  Section  3  we 
follow  W75  and  specify  the  cooling  rate  at  z=  1  m. 
Later,  the  ground  temperature  Ta  is  calculated  using 
the  surface  energy  budget  with  one  subsoil  grid  point, 
i.e., 

dT„ 

dt 


-=c9-1Cn(o)-<Tr/-p0cP(2o]-i.i8a)(rfl-r.),  (4) 


where  Fj.(0)  is  the  magnitude  of  the  (specified)  down- 
ward longwave  radiative  flux  at  the  surface,  T,  the 
subsoil  temperature,  poCpQo  the  surface  heat  flux,  o>  the 
angular  velocity  of  the  earth  and 
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/XC.V 

'=o-95U 


(5) 


dt 


dw8 
dz' 


(3) 


with  X  and  C,  the  soil  thermal  conductivity  and  soil  heat 
capacity  per  unit  volume.  Eqs.  (4)  and  (5)  were 
developed  by  Bhumralkar  (1975)  and  Blackadar  (1976) 
and  tested  by  Deardorff  (1978).  The  surface  fluxes  of 
heat  and  momentum  are  calculated  using  transfer 
coefficients  (Sommeria,  1976). 

The  turbulence  equations  are  those  discussed  in 
W75,  with  the  following  changes: 

1)  The  time  derivatives  are  neglected  (see  Appendix 
B)  because  they  are  smaller  than  the  dominant  terms. 
For  example,  in  the  turbulent  kinetic  energy  (q2/2) 
equation  the  ratio  of  the  production  (~<f/l)  and  the 
time  derivative  (~q2/r)  terms  is  of  order  qr/l,  where  / 
is  a  characteristic  integral  scale  (Tennekes  and  Lumley, 
1972)  and  r  a  time  scale  characteristic  of  the  SBL 
evolution.  Taking  g=»0.3  m  s-1,  l^  10  m  and  r«3  X 108  s, 
we  find  qr/l~  100,  so  that  the  time  change  term  can  be 
neglected.  Examination  of  the  other  turbulence  second- 
moment  equations  indicates  that  this  estimate  also 
applies  there. 

2)  The  Coriolis  terms  are  also  neglected  in  com- 
parison to  other  terms.  In  the  turbulent  velocity 
covariance  equations,  for  example,  the  ratio  of  shear 
production  terms  (~<?3//)  to  Coriolis  terms  (^fq2)  is 
of  order  q/(fl).  For  q~0.3  m  s"1,  J«  10  m  and  /« 10"4 
s_1,  we  find  q/(fl)~300  so  the  Coriolis  terms  are 
negligible. 

3)  Triple  correlations  are  ignored  because  surface- 
layer  data  show  they  are  small  under  stable  conditions 
(Wyngaard  and  Cote,  1971). 

4)  We  parameterize  the  rate  of  dissipation  of 
turbulent  kinetic  energy  per  unit  mass  as  e  «  tf/l,  where 
the  turbulent  length  scale  /=z(1+z//b)_1.  This  is  an 
interpolation  between  the  limits  at  the  wall  (/«z)  and 
at  the  very  stable  outer  edge  of  the  SBL  (I^Ib)-  We 
assume  that  the  limiting  scale  h  of  the  energy- 
containing  eddies  in  a  stably  stratified  environment  is 
determined  by  the  balance  between  inertia  forces  and 
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Table  1.  Comparison  of  steady-state  values  of  boundary-layer  parameters  of  the  current  model  and  of 
Wyngaard  (1975)  for  different  cooling  rates.  G=  10  m  s~l,  2o=  1  cm. 


Cooling 

rate 

0.2  K  h"1 

0.5  K  h-i 

1Kb.-1 

2Kh-' 

Current 

Wyngaard 

Current 

Wyngaard 

Current 

Wyngaard 

Current 

Wyngaard 

model 

(1975) 

model 

(1975) 

model 

(1975) 

model 

(1975) 

«*  (m  s  *) 

0.25 

0.23 

0.21 

0.20 

0.18 

0.16 

0.15 

0.13 

£>„  (K  m  s"1) 

-0.0082 

-0.0088 

-0.015 

-0.013 

-0.020 

-0.016 

-0.024 

-0.018 

£(m) 

150 

120 

46 

52 

25 

25 

11 

11 

a  (deg) 

28 

33 

35 

39 

38 

44 

42 

49 

h  (m) 

220 

130 

120 

70 

85 

48 

50 

25 

d 

0.36 

0.24 

0.39 

0.22 

0.40 

0.24 

0.39 

0.21 

h/L 

1.5 

1.1 

2.6 

1.4 

3.4 

2.0 

4.5 

2.3 

u*/(\f\L) 

17 

19 

45 

38 

74 

67 

130 

120 

buoyancy  forces  (Businger  and  Arya,  1974;  Delage, 
1974;  Zeman  and  Tennekes,  1977).  Requiring  these 
intertia  forces  (~(Jw/Ib)  and  buoyant  forces  f_~  (g/T0) 
X  (d®/dz)lB~\  to  be  of  the  same  order  gives 


(6) 


g   d®     cob2 
Tq  dz 

where  coB  =  [(g/r0)(d@/dz)3*  is  the  Brunt- Vaisala  fre- 
quency. We  used  Ib  =  C<tw/ub,  with  constant  C=1.69 
chosen  to  give  critical  flux  and  gradient  Richardson 
numbers  near  0.20  and  0.25,  respectively,  in  agreement 
with  W75. 

While  the  transformation  to  coordinates  in  the  plane 
of  the  slope  introduces  new  terms  in  the  turbulence 
moment  equations,  our  small-slope  assumption  insures 
that  these  new  terms  are  negligible.  The  turbulence 
equations  are  listed  in  Appendix  B,  and  Appendix  C 
describes  our  numerical  techniques. 

3.  Constant  cooling  rate  results 

a.  Steady-state,  horizontal  surface 

A  truly  steady-state  SBL,  in  which  all  parameters  are 
independent  of  time,  can  be  established  by  balancing 
the  cooling  through  turbulent  heat  flux  divergence  and 
the  warming  through  mean  advection.  In  the  simplest 
such  case,  with  mean  quantities  varying  only  with  x 
and  2,  and  negligible  radiative  flux  divergence  and  mean 
vertical  velocity,  the  mean  potential  temperature 
equation  is 


— =0=-U wO. 

dt  dx      dz 


(7) 


This  situation  could  be  found  in  flow  over  cooler  water, 
for  example. 

We  will  use  a  less  stringent  definition  of  "steady 
state,"  one  which  allows  @  to  decrease  with  time  but 
requires    the    other    SBL    parameters    to    be    time- 


independent.  This  can  be  approached  at  night  over 
land  when  the  surface  cools.  The  W75  study  found  that 
if  the  surface  cooling  rate  was  constant,  the  mean 
potential  temperature  equation  (3)  throughout  the 
SBL  behaved  approximately  as 


d®        dwd    Q0 

= «  —  =  constant 

dt  dz       h 


(8) 


and  the  important  parameters  of  the  SBL  approached 
time-independence.  W75  found  this  quasi-steady-state 
structure  in  2-8  h,  with  the  shorter  times  for  the  larger 
cooling  rates. 

Examination  of  the  terms  of  the  surface  energy 
budget  (4)  indicates  the  requirements  for  a  constant 
near-surface  cooling  rate.  Our  results  and  those  of  W75 
indicate  that  Q0  is  approximately  constant  after  a  few 
hours  with  a  constant  cooling  rate.  Furthermore,  the 
subsoil  flux  to  the  surface,  which  is  proportional  to 
(Tg—T,),  must  increase  with  time  as  the  magnitude  of 
(Tg—T,)  increases.  To  balance  these  heat  inputs  the 
net  radiative  deficit  of  the  surface  [oT,,4— Fj(0)]  must 
increase  with  time,  so  the  downward  radiative  flux  at 
the  surface  Fj(0)  must  strongly  decrease;  this  can  be 
caused  by  the  breakup  of  a  cloud  layer  or  the  advection 
of  drier  air  aloft.  Thus,  naturally  occurring  instances  of 
a  persistent  constant  cooling  rate  seem  unlikely  but  not 
impossible. 

Nonetheless,  a  constant  cooling  rate  conveniently 
produces  an  idealized,  steady-state  SBL  for  study.  We 
generated  five  such  cases  with  our  model  by  using 
cooling  rates  of  0.2,  0.5,  1,  2  and  4  K  hr1. 

Since  our  initial  conditions  are  different  from  those 
of  W75,  we  will  not  compare  the  detailed  temporal 
behavior  of  the  two  models.  Instead,  the  steady  states 
for  the  same  cooling  rates  are  compared  in  Table  1, 
which  shows  that  the  models  give  quite  similar  results 
for  most  properties. 

The  steady-state  values  for  the  friction  velocity  m* 
-n.d  the  Monin-Obukhov  length  L  are  nearly  identical, 
i'hus,  for  the  same  cooling  rates  the  two  models  give 
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wind  speed,  and  the  bulk  potential  temperature  gradient 
between  1  m  and  h  as  A0/A,  then  we  find 


Fig.  1.  Dimensionless  wind  shear  0m  (T)  and  temperature 
gradient  4>\  (A)  for  a  current  model  run  at  h/L  =  3A.  Curves 
are  parameterizations  of  Kansas  results  (Businger  tt  al.,  1971). 

virtually     identical     stabilities     as     measured     by 

M=«*/(l/|£)- 

The  models  differ  most  in  their  equilibrium  boundary 
layer  depths.  Our  model  predicts  values  of  depth  h  and 
the  parameter  d=h(\f\  /u+L)*  about  twice  those  of 
W75. 

The  steady-state  vertical  profiles  of  turbulence 
quantities  from  our  model  are  so  similar  to  those  of  W75 
that  they  will  not  be  presented  here. 

Fig.  1  compares  calculated  surface-layer  profiles  of 
nondimensional  mean  wind  shear  fa  and  ncnc'imen- 
sional  temperature  gradient  fa  with  the  Kansas  data 
(Businger  el  al.,  1971).  The  agreement  of  fa  is  excellent 
and  that  of  fa  is  comparable  with  that  found  in  model 
calculations  by  Mellor  (1973),  Lewellen  and  Teske 
(1973)  and  W75. 

Fig.  2  shows  the  evolution  of  the  vertical  profiles  of 
0  and  wO  for  the  1  K  h-1  cooling  rate.  The  w8  profiles 
have  a  slight  curvature  and  the  maximum  cooling  rate 
is  near  the  ground.  Note  that  the  cooling  between  /=5  h 
and  /=  10  h  at  85  m  is  about  half  that  at  the  surface. 
Thus,  while  (8)  is  only  crudely  satisfied,  the  SBL  is 
essentially  in  a  steady  state  after  5  h. 

In  this  study,  as  in  W75,  h  is  taken  as  the  height  at 
which  the  stress  is  5%  of  its  surface  value.  This  defini- 
tion gives  A  =85  m  at  10  h,  whereas  the  potential  tem- 
perature profile  would  indicate  a  greater  h;  however, 
the  0  profile  is  a  product  of  the  integrated  history  of  wO 
and  as  Fig.  2  shows,  the  latter  can  extend  to  greater 
heights  early  in  the  evening.  Thus  the  0  profile  can  be 
a  misleading  indicator  of  h. 

1)  Stable  boundary  layer  depth 

Several  simple  expressions  for  the  depth  h  of  the 
steady-state  SBL  were  tested  against  the  model  results. 
One  plausible  assumption  is  that  the  bulk  Richardson 
number  across  the  boundary  layer  is  a  constant,  say,  a\. 
If  we  take  the  bulk  shear  as  G/h,  with  G  the  geostrophic 


h=- 


aiG2T0 
*A0  ' 


(9) 


However,  for  our  model  the  "constant"  a\  varies  from 
0.12  to  0.34  with  increasing  stability.  Taking  A0  be- 
tween Zo  and  h  does  not  significantly  improve  (9); 
however,  it  is  improved  somewhat  if  G2  is  replaced  by 
(AV)*,  where  AV  is  the  magnitude  of  the  difference  in 
wind  velocity  between  h  and  1  m.  For  fixed  G,  AV 
increases  with  stability  because  a  and  the  overshoot 
at  h  both  increase.  Nonetheless,  even  then  ai  varies 
from  0.11  to  0.22,  and  (9)  remains  a  poor  indicator  of 
steady-state  SBL  depth. 

A  better  steady-state  depth  equation  can  be  derived 
by  integrating  between  the  surface  and  z=h  the  equa- 
tion of  motion  in  the  direction  of  the  surface  wind, 
yielding 


h= 


\(V-Vt)/f' 


(10) 


where  V  and  Vg  are  the  mean  and  the  geostrophic  wind 
components  perpendicular  to  the  surface  wind,  and  the 
angle  braces  indicate  averages  over  h.  Since  V„=—G 
Xsina,  we  assume  that  (V—  Vt) « G  sina  and  find 


h= atuf  /  JG  svoa. 


(11) 


This  is  a  fairly  successful  expression,  in  the  sense  that 
according  to  model  results  a%  has  no  significant  depen- 
dence on  stability;  our  model  gives  a2=1.6  and  W75 
gives  0*3=  1.1.  Fig.  3  shows  how  c2  converges  to  a  steady 
state  for  the  constant  cooling  rate  runs. 
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Fig.  2.  Calculated  time  evolution  of  potential  temperature  and 
vertical  potential  temperature  flux  profiles  for  1  K  h-1  constant 
cooling  rate  at  1  m. 
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Eq.  (11)  implies  that  «*/G=Ci(/Asina/G)*,  where 
Ci—  («2)-i;  the  current  model  gives  Ci=0.79  and  W75 
gives  Ci=0.95.  The  arctic  observations  of  Carsey  and 
Leavitt  (1977)  give  G=0.71,  but  have  a  great  deal  of 
scatter. 

Our  model  results  show  that  the  assumption  that 
(V—  Ffl)ccGsina  becomes  very  poor  under  baroclinic 
conditions.  Even  a  slight  amount  of  baroclinity  seriously 
degrades  the  predictions  of  (11). 

Another  expression  for  h  is  the  similarity  prediction 
(Zilitinkevich,  1972,  1975) 


h  =  d(u*L/\f\)l 


(12) 


The  value  of  the  constant  d  depends  on  the  definition  of 
the  depth  h,  but  using  the  5%  stress  criterion  W75 
found  d =0.22 ;  our  model  gives  d=0.40,  about  the  value 
found  by  Businger  and  Arya  (1974).  Fig.  3  shows  that 
(12)  correlates  well  the  steady-state  h  values  from  the 
present  model  over  a  wide  range  of  cooling  rates. 

The  steady-state  SBL  depth  can  be  strongly  model- 
dependent,  perhaps  because  the  height  at  which 
turbulence  vanishes  depends  on  a  delicate  balance 
between  production  and  dissipation.  As  a  result,  minor 
differences  in  the  parameterization  of  dissipation  can 
yield  major  changes  in  h,  and  hence  d.  Therefore,  we 
should  not  look  too  closely  at  the  value  of  d;  instead, 
we  will  emphasize  the  relative  changes  in  d  caused  by 
terrain  slope  or  the  variable  surface  cooling  rate. 

2)  Parameterization  of  eddy  diffusivities 

The  predicted  steady-state  profile  of  eddy  diffusivity 
for  momentum  Km  is  represented  well  by 

1.5 


Km 

kujt 


H3G) 


(13) 


Note  that  for  z/A«l  Eq.  (13)  gives  Km=ku*z/ 
(l+4.7z/Z,),  which  is  the  Businger  et  al.  (1971)  surface 
layer  result  for  stable  conditions.  Figs.  4  and  5  illustrate 
the  good  agreement  between  (13)  and  the  predictions 
of  W75  and  our  model. 

That  the  dimensionless  Km  should  depend  on  only 
z/h  and  h/L  is  consistent  with  similarity  reasoning  in 
the  steady-state  case  (Zilitinkevich,  1975).  The  simi- 
larity hypothesis  would  allow  /x  =  «*/(|/|Z.)  to  be  used 
instead  of  h/L,  since  they  are  related  in  steady  state 
through  h/L=dni  [see  Eq.  (12)].  However,  the  good 
fit  of  our  Km  expression  (13)  to  both  sets  of  model 
results  would  not  have  occurred  if  m  had  been  used  as 
the  stability  index,  since  the  two  models  give  different 
proportionality  factors  between  h/L  and  n*  (i.e., 
different  d  values).  The  use  of  h/L  as  a  stability  index 
for  stably  and  unstably  stratified  boundary  layers  has 
been  suggested  by  Melgarejo  and  Deardorff  (1974)  and 
by  Zilitinkevich  and  Deardorff  (1974). 
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Fig.  3.  Calculated  time  evolution  of  two  dimensionless  SBL 
depths.  The  convergence  to  steady  state  is  shown  for  various 
cooling  rates,  along  with  the  steady  decay  that  results  when  a 
surface  energy  budget  is  used. 

Our  model  results  also  show  that  Kh/Km,  where  Kk  is 
the  eddy  diffusivity  for  temperature,  averages  about 
1.25  in  the  SBL.  In  the  surface  layer  it  is  nearer  1.35, 
the  value  implied  by  the  lower  boundary  conditions, 
while  near  h  it  is  about  1.2.  The  W75  results  show 
somewhat  more  height  dependence,  with  Kh/Km**\.0 
above  z«0.5  h.  Thus  our  parameterization  (13)  works 


319 


1432 


1-0  IT* 


z/h 


JOURNAL    OF    THE    ATMOSPHERIC    SCIENCES 

— I 1 — 


Volume  35 


h/L  =  1.4 
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Fig.  4.  Comparison  of  Wyngaard's  (1975)  predicted  dimensionless  steady-state  Km  (dots)  and  parameterization 
(13)  (curves)  for  three  cooling  rates  (0.5,  1  and  2  K  h-1). 

about  as  well  for  Kh  if  a  factor  of  1.2  is  inserted  on  the     as  shown  in  Fig.  6.  For  2-/A«l,  Eq.  (14)  implies  that 
right  side.  t—[u^/{kz)~]{\-\-i.lz/L),  which  as  discussed  in  W75 

is  the  result  implied  by  the  Businger  et  al.  (1971)  data 
3)  Parameterization  of  dissipation  and  the  negliKible  turbulent  transport  of  energy  found 

Our  model's  steady-state  «  profile  is  fit  well  by  by  Wyngaard  and  Cote  (1971)  in  the  stable  surface 

=f- )    l+3.7[  -V )  (  1—0.85-  )         (14)         We  can  easily  derive  an  integral  constraint  for  e. 

u  J    Vz/L  \A/\Z,/J\  hi  Multiplying  the  x  eauation  of  motion  (1)  by  U,  the 
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Fig.  5.  As  in  Fig.  4  except  for  current  model's  predicted  dimensionless  steady-state  Km. 
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y  equation  of  motion  (2)  by  V,  adding,  and  integrating 
between  the  surface  roughness  height  zo  and  h  gives  in 
the  steady,  horizontally  homogeneous,  barotropic  case 


J  to 


/    a_      d—\ 

I  U — uw+V — vw 
\    dz  dz 


y-pj 


Vdz,        (15) 


where  we  have  here  chosen  the  x  axis  along  the  geo- 
strophic  wind.  The  left  side  of  (15)  can  be  evaluated  by 
integrating  by  parts  and  using  the  turbulent  kinetic 
energy  equation,  yielding 

/    (  U— uw+V— vw]dz=-  I    ( — wB— Adz.     (16) 
Jl0  \    dz  dz     I  Jt0  \To  / 

The  right  side  of  (15)  can  be  evaluated  by  integrating 
(1),  yielding 


J  zo 


Vdz=GuJ  cosck. 


(17) 


Combining  (15)— (17)  gives  a  kinetic  energy  balance  for 
the  entire  layer : 

-(h/u*%(g/To)(w~d)-(t)l=(G/u*)  cosa.     (18) 

This  constraint,  with  the  buoyant  term  neglected,  is  also 
discussed  by  Kuhn  et  al.  (1977). 

If  we  evaluate  the  left  side  of  (18)  using  our  e  parame- 
terization (14)  and  a  linear  wd  profile,  we  find 

(G/«*)  cosa=yfe-1[ln(V3o)-l.l+2:2(A/^)]-     (19) 

Combining  (11)  and  (12)  yields,  for  the  current  model 

(G/«*)sina=10(A/I).  (20) 
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Fig.  6.  Comparison  of  current  model's  predicted  dimensionless 
steady-state  t  and  parameterization  (14)  (curves)  for  three 
cooling  rates  (0.5,  1  and  2  K  h-1). 


Eqs.  (19)  and  (20)  comprise  a  geostrophic  drag  law 
which  fits  our  model  results  (Table  1)  well. 

The  geostrophic   drag   law  is  usually   written   as 
(Businger  and  Arya,  1974) 

(G/«*)  cosa= i^Qn  |  ujfz0  \-A\  (21) 

(G/«*)  sina=*-15sgn(/),  (22) 

where  A  and  B  depend  on  stability.  Our  model  gives, 
from  (12)  and  (19)-(22), 

A  =  \n{h/L)-2.2(h/L)+2.9=\  lnp-0.9^+2.0,     (23) 

B=3.5(h/L)=IA^,  (24) 

which  agrees  fairly  well  with  W75,  Zilitinkevich  (1975) 
and  Arya  (1977). 

b.  Sloped  surface 

The  "drainage"  acceleration  over  a  flat  but  slightly 
inclined  surface  depends  on  the  deviation  T'  from  the 
adiabatic  temperature  profile  and  hence  is  time- 
dependent.  In  general,  this  acceleration  can  cause  L, 
«»,  the  surface  temperature  flux  Q0,  the  angle  a  between 
the  geostrophic  wind  and  the  low  level  flow  and  h  to 
change  with  time.  However,  this  acceleration  is  im- 
pressed throughout  the  SBL  directly  as  a  body  force, 
rather  than  diffused  from  the  lower  boundary  (e.g.,  as 
is  the  acceleration  due  to  changing  surface  friction).  The 
model  results  indicate  that  the  SBL  over  sloped  terrain 
can  reach  a  quasi-steady  state  in  which  d=h(\f\ /«*£)* 
is  approximately  constant;  however,  d  depends  on  the 
wind  direction  relative  to  the  slope  and  the  magnitude 
of  the  baroclinity. 

Fig.  7  illustrates  the  evolution  of  several  significant 
properties  of  the  SBL  over  terrain  with  a  slope  of  0.002 
and  a  cooling  rate  of  2  K  h-1.  For  comparison,  the 
results  are  also  shown  for  the  same  cooling  rate  over  a 
horizontal  surface.  The  sloped  case  is  shown  for  four 
geostrophic  wind  directions  relative  to  the  fall  line 
vector.  As  an  example,  for  the  Great  Plains,  where  the 
surface  slopes  downward  going  from  west  to  east,  0° 
represents  a  geostrophic  wind  from  the  west,  90°  is  a 
wind  from  the  south,  180°  is  east  and  270°  is  north.  Not 
surprisingly,  the  horizontal  (barotropic)  case  is  almost 
always  intermediate  between  the  baroclinic  extremes. 

Note  from  Fig.  7  that  L,  w*  and  Q0  are  strongly 
affected  by  the  orientation  of  the  terrain  slope.  The  0° 
and  the  270°  cases  are  the  least  stable  (largest  L) 
because  they  represent  downslope  upper-level  and  low- 
level  flow,  respectively,  and  therefore  have  stronger 
winds  near  the  surface.  The  90°  case  is  the  most  stable 
(smallest  L)  because  its  low-level  flow  is  opposed  by 
the  downslope  acceleration.  This  tends  to  minimize 
wind  shear  and  turbulence  production. 

The  SBL  depths  shown  in  Fig.  7  vary  less  with  time 
than  any  of  the  other  quantities  we  have  just  examined, 
"nd  the  dimensionless  depths  are  even  more  nearly 
constant.  At  least  up  to  9  h,  there  is  a  perfect  corre- 
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spondence  between  h  and  the  angle  a,  where  a  is  a 
crude  measure  of  velocity  shear  and  hence  turbulence 
production.  However,  by  9  h  the  much  greater  low-level 
wind,  and  hence  «„.,  of  the  270°  case  makes  up  for  its 
smaller  directional  shear  and  the  270°  height  curve 
overtakes  the  180°  curve.  Delage  (1974)  also  noted  a 
strong  correlation  between  wind  shear  across  the  SBL 
and  boundary  layer  growth. 

Kuhn  et  al.  (1977)  integrated  observed  vertical  pro- 
files of  geostrophic  departure  to  obtain  stress  and  hence 
eddy  diffusivity  profiles  for  five  stability  and  wind 
direction  classes  over  sloped  terrain  in  Antarctica. 
Using  the  observed  mean  winds  and  temperatures  at 
0.5  and  1.0  m  we  estimated  the  gradient  Richardson 
number  Ri  and  inverted  Ri=[0.743/L+4.7(z/Z<)2]/ 
(l+4.7z/Z,)2  (Businger  et  al.,  1971)  to  obtain  z/L  and 
hence  L,  using  a  =  0.75  m.  We  compare  our  horizontal- 
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Fig.  7.  Time  evolution  of  key  SBL  parameters  for  a  2  K  h-1 
cooling  rate  over  a  horizontal  surface,  and  for  four  values  of  the 
angle  (y)  between  the  fall  line  vector  and  geostrophic  wind  for  a 
surface  with  slope  0.002. 


surface  parameterization  of  Km  in  Eq.  (13)  with  these 
sloped  surface  observations  in  Fig.  8.  (One  class  is  not 
shown  because  the  observed  Ri  at  0.75  m  exceeded 
1/4.7.)  To  see  if  the  consistent  overprediction  of  (13) 
is  due  to  terrain  slope,  Fig.  9  compares  (13)  and  the 
model  predictions  for  the  four  sloped  cases  of  Fig.  7. 
The  wind  directions  of  Kuhn  et  al.  (1977)  vary  by  only 
40°  and,  considering  the  different  hemispheres,  the 
270°  case  in  Fig.  9  should  be  most  similar  to  the  observa- 
tions (Fig.  8),  which  is  the  case.  (We  are  ignoring 
differences  in  slope  and  latitude  and  only  making  a 
qualitative  comparison  since  our  estimates  of  L  for  the 
Kuhn  et  al.,  observations  are  relatively  crude.) 

The  baroclinic  terms  in  the  mean  horizontal  momen- 
tum equations  (1)  and  (2)  depend  on  the  product  of 
the  temperature  deficit  T'  and  the  terrain  slope  0.  Other 
things  being  equal,  f'  is  proportional  to  the  near-surface 
cooling  rate.  A  baroclinic  parameter  B  might  be  defined 
as 


B  = 


dt/i 


•/SCKh-1]. 


(25) 


Fig.  10  depicts  the  time  evolution  of  several  key 
boundary-layer  parameters  for  three  different  runs  that 
have  the  same  slope  orientation,  y=  180°,  and  the  same 
baroclinic  parameter,  B  =  0.004  K  h-1.  The  runs  have 
slopes  of  0.004,  0.002  and  0.001,  anaNipoling  rates  of 
1,  2  and  4  K  h-1,  respectively.  We  notice  that  runs  with 
the  same  B  value  can  have  significant  differences  in 
some  properties,  so  B  is  not  an  adequate  indicator  of 
slope  effects. 
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We  can  look  more  closely  at  terrain-slope  effects  by 
considering  the  ratio  (5)  of  the  magnitudes  of  the  mean 
drainage  and  friction  forces 


S«- 


(jg/T0)f'fi 
uj/h 


(26) 


and  we  ignore  the  effect  of  the  orientation  of  the  slope. 
This  ratio  depends  on  z,  so  it  is  not  directly  useful  as  a 
bulk  index,  but  it  can  give  us  some  insight.  Note  first 
that  if  18=0.001,  f  '=3  K,  h=  100  m  and  «*  =  0.1  m  r\ 
then  S=  1 ;  thus  with  a  seemingly  mild  slope  of  0.001  and 
typical  SBL  conditions,  the  drainage  forces  are  of  the 
same  order  as  the  'urbulent  friction.  This  explains  why 
the  results  in  Fig.  10  are  so  slope-dependent.  Although 
the  runs  in  Fig.  10  have  the  same  value  of  B,  which  is 
proportional  to  7"/3,  their  representative  values  of  5 
differ  enough  to  make  their  flow  properties  evolve 
differently. 

Fig.  10  shows  that  some  properties  (e.g.,  L,  «*,  h) 
fairly  quickly  establish  quasi-steady  values,  while  a, 
for  example,  continuously  increases.  This  flow  cannot 
attain  a  true  steady  state,  even  though  some  of  its 
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Fig.  8.  Comparison  of  observed  dimensionless  Km  (dots)  over 
sloped  terrain  (Kuhn  et  al.,  1977)  with  parameterization  (13) 
(curves),  for  four  stability  classes. 
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Fig.  9.  Calculated  dimensionless  Km  profiles  (dots)  for  the 
four  cases  of  Fig.  7.  Curves  are  from  (13). 


properties  seem  to,  because  the  parameter  S  contin- 
uously increases  with  time.  However,  in  all  runs  d  con- 
verges to  about  the  same  value  (0.8).  Evidently  d  is 
more  sensitive  to  y  than  to  5. 

We  have  shown  (Fig.  7)  that  the  greatest  d  value 
occurs  for  y=  180°  and  the  smallest  for  0°.  For  a  baro- 
clinic  parameter  5  =  0.004  K  h_1,  the  ratio  d^o/do  is 
predicted  to  be  4  and  for  5  =  0.001  K  h_1  it  is  predicted 
to  be  1.5.  This  comparison  indicates  a  significant 
dependence  of  d  on  B. 

Predictions  for  the  geostrophic  drag  coefficient  uJG 
as  a  function  of  the  stratification  parameter  m  are  shown 
in  Fig.  11.  The  curve  in  Fig.  11  is  the  prediction  ob- 
tained by  squaring  and  adding  (21)  and  (22),  using  our 
parameterizations  (23)  and  (24)  for  A  and  B,  for  a 
surface  Rossby  number  G/(|/|zo)  =  107.  The  current 
model  predictions  for  the  horizontal  surface  case  lie  on 
this  curve,  while  the  W75  results  are  slightly  below  it. 
(The  models  would  have  disagreed  strongly  had  h/L 
been  used  as  the  stability  parameter.)  Had  the  sloped- 
terrain  results  been  plotted  in  the  normal  way,  they 
would  not  have  followed  the  curve  well.  Instead,  for 
these  cases  a  drag  coefficient  based  on  a  G  calculated 
from  the  depth-averaged  "effective"  pressure  gradient 
was  used,  and  these  results  follow  the  barotropic 
prediction  quite  well.  This  use  of  the  layer-averaged 
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Fig.  10.  Time  evolution  of  key  SBL  parameters  for  three 
model  runs  with  y  =  180°  and  B  =0.004  K  h_I. 


geostrophic  wind  in  the  baroclinic  case  has  also  been 
suggested  for  the  convective  boundary  layer  (Arya  and 
Wyngaard,  1975). 


4.  Surface  energy  budget 

We  now  use  a  surface  energy  budget  (Blackadar, 
1976),  rather  than  an  imposed  constant  cooling  rate  at 
1  m.  In  the  previous  sections  this  cooling  rate  was  the 
key  variable  determining  the  stratification.  The  situa- 
tion now  is  much  more  complex  as  the  cooling  rate  is 
replaced  by  several  parameters : 

1)  The  temperature  difference  AT  between  the  initial 
adiabatic  atmosphere  and  subsoil  slab.  We  have  tested 
temperature  differences  that  ranged  from  —0.5  to 
+20  K. 

2)  The  heat  capacity  Cg  (per  unit  area)  of  the  sub- 
soil slab,  which  enters  as  the  parameter  Ce/(poCp)  with 
po  and  Cp  the  density  and  specific  heat  of  the  air.  We 
have  used  values  of  C„/(poCp)  corresponding  to  a  poor 
conductor,  (snow,  10  m)  and  an  excellent  conductor 
(rock,  221  m).  These  values  of  C„/(poCP)  were  chosen 
following  Blackadar  (1976).  From  (5),  they  correspond 
approximately  to  X  =  0.2X10~3  cal  (cm  s  K)-1  and 
C,=0.09  cal  (cm8  K)-1  for  snow  and  X=  10-2  cal  (cm  s 
K)-1  and  C,=0.6  cal  (cm3  K)"1  for  rock  (Geiger,  1966). 

3)  The  imposed  downward  long  wave  radiative  flux 
at  the  surface.  We  used  values  of  Fj,(0)/(paCp)  from 
16  to  24  K  m  ar1. 

When  the  surface  energy  budget  is  used,  the  cooling 
rate  of  the  surface  becomes  a  strong  function  of  time. 
Initially  it  is  large,  making  the  boundary  layer  very 
stable  and  shallow ;  however,  after  1  or  2  h,  L  begins  to 
increase  again  as  the  cooling  rate  declines.  These 
variable  conditions  are  not  transmitted  directly  to  the 
fluid  as  is  the  body  force  causing  downslope  acceleration 
in  the  sloping-terrain  case.  Instead,  information  about 
the  changing  surface  conditions  (e.g.,  «*  and  L)  must 
diffuse  into  the  SBL  from  below.  We  can  crudely  esti- 
mate this  diffusion  time  as  of  the  order  of  h2/Km.  From 
Figs.  4  and  5,  we  take  a  typical  Km  value  representative 


004 


0.03  V- 


U./G 


0.02  - 


0.01  - 


50 


100  150 

u*/(|f|L) 


200 


250 


Fig.  11.  Stability  variation  of  geostrophic  drag  coefficient,  from 
model  simulations  with  a  constant  surface  cooling  rate.  Curve, 
from  Eqs.  (21)-(24);  (A)  current  model  results  for  horizontal 
terrain;  (•)  W75  model  results;  (O)  current  model  results, 
sloping  terrain,  G  based  on  layer-averaged  effective  pressure 
gradient. 
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Fig.  12.  Calculated  time  evolution  of  ©  and  w0  profiles  for 
surface  energy  budget  (4)  case  using  G=10  m  s~l,  AT  =5  K, 
Ct/{poCP)  =221  m  and  Fj(0)/(poC„)  =  20  K  m  f*. 

of  the  layer  as  a  whole  as  Km  «  0.03ku*h.  If  «*  =  0. 1  m  s_1 
and  h  =100  m,  we  find  h2/Km~105  s  or  ~30  h.  By 
contrast,  a  convective  boundary  layer  would  be  ex- 
pected to  respond  to  changing  surface  conditions  with 
a  time  scale  h2/Kmf&h/w#,  where  w>*  =  [(g/r0)(>o/0*  is 
the  convective  velocity  scale.  Under  typical  conditions 
we  might  have  h  « 103  m,  w*  «  2  m  s_1,  so  h/w*  ~  10  min. 
Thus,  while  the  convective  boundary  layer  is  often 
quasi-steady,  this  suggests  the  SBL  probably  only 
rarely  is.  As  evidence  of  this,  note  the  different  behavior 
of  the  dimensionless  SBL  depth  in  Fig.  3  when  a  surface 
energy  budget  is  used. 

As  an  aside,  we  note  that  the  slowness  of  the  response 
of  the  current  model  to  changing  surface  conditions  is 
not  due  to  the  lack  of  turbulent  transport  terms  in  the 
turbulence  equations  because  we  could  find  no  con- 
sistent differences  in  response  time  between  the  current 
model  and  W75,  which  has  these  terms. 

Fig.  12  illustrates  the  evolution  of  the  potential  tem- 
perature and  potential  temperature  flux  profiles  for  a 
case  with  G=10  m  s"1  and  AT=5  K.  This  should  be 
contrasted  with  Fig.  2  which  shows  the  evolution  of  the 
same  variables  under  constant  cooling  rate  conditions. 
With  a  constant  near-surface  cooling  rate,  the  cooling 
rate  (turbulent  heat  flux  divergence)  initially  decreases 
strongly  with  height,  but  by  10  h  the  cooling  is  approxi- 
mately constant  with  height.  With  a  surface  budget, 
the  height  of  the  maximum  cooling  rate  increases  with 
time,  creating  a  tendency  to  develop  a  uniform  layer 
with  a  large  potential  temperature  jump  at  the  top. 
The  @  and  wd  profiles  are  curved  instead  of  quasi-linear 
and  the  curvature  changes  with  time.  The  relatively 
large  temporal  changes  in  the  magnitudes  and  curva- 
tures of  the  0  and  u>8  profiles  indicate  that  this  case 
does  not  attain  steady  state. 

Fig.  13  illustrates  the  evolution  of  the  surface  tem- 
perature drop  for  an  initially  adiabatic  atmosphere  at 
280  K  and  a  surface  initially  at  279  K.  For  a  fixed, 
imposed  downward  longwave  radiative  flux  at  the 


surface  (20  K  m  s_1)  and  the  same  surface  character- 
istics [C„/(poCp)  =  221  m],  there  are  four  curves  (I,  G, 
D,  C)  corresponding  to  different  temperature  drops 
(2.5,  5, 10  and  20  K)  between  the  initial  adiabatic  atmo- 
sphere and  the  subsoil  slab.  The  extent  to  which  the 
surface  temperature  drops  below  the  subsoil  tempera- 
ture depends  on  the  surface  radiative  deficit  and  hence 
on  the  absolute  temperature;  thus,  in  the  2.5  K  case 
(curve  I)  the  surface  temperature  drops  almost  3  K 
below  the  subsoil  temperature  whereas  in  the  20  K 
case  (C)  it  drops  only  0.5  K  below.  For  the  5  K  case 
(G)  the  effects  of  varying  the  imposed  downward  flux 
and  using  different  surface  characteristics  are  shown. 
If  a  larger  downward  radiative  flux  is  used  (H)  the 
surface  temperature  obviously  will  not  decrease  as 
much  below  the  subsoil  temperature.  If  the  soil  has  a 
Cg/(poCp)  value  characteristic  of  snow  (B),  the  surface 
temperature  drops  well  below  (15  K)  the  subsoil  tem- 
perature. This  curve  has  a  bump  due  to  complex  feed- 
back between  the  atmosphere  and  the  surface. 

Several  simple  analytical  theories  have  been  devel- 
oped to  predict  the  surface  or  shelter  temperature  fall 
at  night   (Haltiner  and  Martin,   1957,  p.   131).   For 
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Fig.  13.  Calculated  surface  temperature  drop  as  a  function  of 
time  for  simulations  using  surface  energy  budget  (4).  Run  A, 
AT=5  K,  Ce/(poCp)  =  10  m,  i?|(0)/(p0Cp)  =  16  K  m  s"1;  run  B, 
5  K,  10  m,  20  K  m  s"1;  run  C,  20  K,  221  m,  20  K  m  s"1;  run  D, 
10  K,  221  m,  20  K  m  s-1;  run  E,  5  K,  10  m,  24  K  m  s_1;  run  F, 
5  K,  221  m,  16  K  m  s_1;  run  G,  5  K,  221  m,  20  K  m  s_1;  run  H, 
5  K,  221  m,  24  K  m  s"1;  run  I,  2.5  K,  221  m,  20  K  m  s"1. 
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example,  Brunt  (1939)  assumed  that  the  net  radiative 
deficit  at  the  surface  was  constant  and  that  this  deficit 
was  balanced  by  the  soil  heat  flux  alone.  He  found  that 
the  surface  temperature  drop  varied  as  the  square  root 
of  time.  The  theory  was  subsequently  generalized  to 
include  the  atmospheric  heat  flux,  but  the  functional 
dependence  on  temperature  was  unchanged  if  a  con- 
stant eddy  diffusivity  was  used  for  heat  transfer.  [A 
comparison  with  Groen  (1947),  whose  theory  is  more 
realistic  than  that  of  Brunt  (1939),  though  less  so  than 
the  present  study,  was  not  made  because  it  could  not 
be  definitive.  This  is  because  the  cooling  in  Groen  (1947) 
depends  on  the  assumed  value  of  the  derivative  with 
respect  to  temperature  of  the  net  radiative  flux  at  the 
surface,  while  here  it  depends  on  AT  and  FKO)."] 

Fig.  13  shows  that  for  Cg/{poCp)  =  221  m  and  for  a 
AT  of  5  or  10  K  (GorD),  the  surface  temperature  drop 
in  our  model  does  indeed  follow  0  for  the  first  3  or  4  h. 
For  the  same  surface  and  a  larger  temperature  drop  of 
20  K  (C),  the  initial  tendency  is  slightly  greater.  For  a 
smaller  temperature  drop  of  2.5  K  (I),  the  initial  tend- 
ency is  less.  For  all  cases,  the  present  model's  predicted 
rate  of  temperature  drop  eventually  falls  below  0  as  the 
net  radiative  deficit  at  the  surface  decreases. 

The  similarity  between  Brunt's  prediction  and  ours 
should  be  greatest  for  a  surface  where  the  ratio  of  the 
soil  heat  flux  to  the  atmospheric  heat  flux  is  maximized, 
e.g.,  soil  with  large  thermal  diffusivity  and  heat  capac- 
ity, as  in  the  surface  just  discussed.  If  the  surface  used 
had  a  low  C0/(poCp)  value,  such  as  that  for  snow,  then 
the  fact  that  the  eddy  diffusivity  in  the  air  was  not 
constant,  as  assumed  in  an  extension  of  Brunt,  but  was 
a  function  of  time,  as  in  our  model,  would  be  important. 
Thus,  our  model's  more  realistic  representation  of 
atmospheric  physics  should  be  more  important  for 
curves  A,  B  and  E.  These  curves  depart  from  /*  behavior 
sooner  and  more  drastically  and  have  a  more  compli- 
cated temporal  behavior. 

5.  Conclusions 

This  study  supports  the  findings  of  W75  that  a 
constant  cooling  rate  imposed  near  a  horizontal  lower 
boundary  can  drive  the  boundary  layer  to  steady  state 
within  a  few  hours.  Although  the  steady-state  layer 
depth  h,  together  with  the  changes  in  speed  and 
potential  temperature  across  the  layer,  do  not  give  the 
same  bulk  Richardson  number  for  all  cases,  h  is  uniquely 
related  to  other  SBL  parameters.  Calculated  eddy 
diffusivity  profiles  and  drag  coefficients  agree  well  with 
recent  observations  in  the  arctic  and  antarctic. 

The  scaled  SBL  depth  d=h(\f\/u*L)i  over  a  sloped 
surface  with  a  constant  cooling  rate  has  different  steady- 
state  values  depending  on  the  wind  direction  relative 
to  the  slope.  The  slope  effect  is  strong;  for  example, 
d  varies  by  a  factor  of  4  for  a  slope  of  0.002  and  a 
cooling  rate  of  2  K  h-1. 


When  the  lower  boundary  condition  on  temperature 
is  provided  by  a  surface  energy  budget  rather  than  a 
constant  cooling  rate,  the  SBL  typically  does  not  reach 
steady  state.  The  surface  temperature  drop  behaves 
as  **  for  the  first  few  hours,  but  eventually  decreases 
more  slowly.  This  failure  to  reach  steady  state  is  due 
to  the  slowness  of  the  SBL  to  adjust  to  the  changing 
surface  conditions. 

In  addition,  we  conclude  that  the  real  SBL  is  subject 
to  other  influences  that  greatly  complicate  its  structure 
and  dynamics.  First,  our  findmg  that  h  is  very  sensitive 
to  model  parameterizations  suggests  it  can  also  be 
affected  strongly  by  turbulence  created  by  unstable 
gravity  waves.  Wave-turbulence  interactions  and  their 
influence  on  SBL  structure  remain  an  important  but 
relatively  unexplored  problem. 

Second,  we  showed  that  even  slight  terrain  slopes 
have  strong  effects  on  the  SBL.  However,  real  terrain  is 
much  more  complicated  than  our  constant-slope  model, 
having  a  spectrum  of  slopes;  the  extent  to  which  this 
affects  SBL  structure  is  also  unknown. 

Finally,  we  may  have  missed  important  features  of 
the  SBL  because  we  could  not  model  a  full  diurnal  cycle. 
We  started  with  balanced,  steady-state,  slightly  stable 
initial  conditions  at  transition.  A  more  realistic  initial 
condition  for  the  wind  would  be  an  imbalance  or  inertial 
oscillation  dependent  on  the  history  of  the  flow;  this 
inertial  oscillation  could  be  important  in  the  growth  of 
the  SBL.  Also,  we  compared  the  SBL  development 
over  different  soils  and  with  different  initial  temperature 
differences  between  the  adiabatic  atmosphere  and  the 
subsoil  slab.  It  would  be  valuable  to  compare  full  daily 
cycles  over  different  soils  such  that  the  initial  tempera- 
ture difference  would  depend  on  the  differing  storage 
in  the  soil  and  the  differing  heating  of  the  atmosphere. 
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APPENDIX  A 


Table  of  Symbols 


B  baroclinic  parameter  []=  —  (30/d/)/3] 

Cg  heat  capacity  per  unit  area  of  soil  slab  [Eq.  (5)] 

Cp  specific  heat  of  air  at  constant  pressure 

d  scaled  SBL  depth  [Eq.  (12)] 

/  Coriolis  parameter,  taken  as  10-4  s_1  in  model 

Fj  (0)     magnitude  of  the  downward  longwave  radiative 

flux  at  the  surface 
g  gravitational  acceleration 

G  geostrophic  wind  speed 

h  height  of  SBL,   i.e.,  height  at  which  stress 

declines  to  5%  of  surface  maximum 
k  von  Karman  constant,  taken  as  0.35  in  model 
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eddy  diffusivity  for  momentum,  temperature 
integral  length  scale 
asymptotic  value  of  /  [=Cct„/wb] 
Monin-Obukhov  length  [=  —  uJTo/(kgQo)~\ 
deviation  of  mean  pressure  from  background 

state  Po 
turbulent  velocity  scale  [=  («,«,)*] 
surface  potential  temperature  flux 
gradient  Richardson  number 

g  d®  /[/W\2     /dV\ 

To  dz/  L\dz/      \dz. 

surface  temperature 

adiabatic  background  temperature  of  atmo- 
sphere 

scaling  temperature  [=  —  @o/w*D 

temperature  of  subsoil  slab 

deviation  from  adiabatic  background  tem- 
perature 

temperature  difference  between  initial  atmo- 
sphere and  subsoil  slab  [=T0—  7\J 

surface  temperature  drop  [=r0—  T0~] 

mean  velocity  (U,V,W) 

fluctuating  velocity  (u,v,w) 

surface  friction  velocity 

surface  roughness  length,  taken  as  0.01  m  in 
model 

angle  between  geostrophic  and  surface  winds 

surface  slope 

angle  of  geostrophic  wind  relative  to  fall  line 
vector 

mean  potential  temperature 

fluctuating  potential  temperature 

mean  potential  temperature  increase  across 
SBL 

mean  virtual  potential  temperature 

stability  index  [=«*/(|/|.£)3 

density  of  air  in  background  adiabatic  state 

Stefan-Boltzmann  constant 

root-mean-square  vertical  velocity 

nondimensional  potential  temperature  gradient 
[-(fcs/r*)  (30/32)] 

nondimensional  velocity  gradient  [=  (kz/u*) 
X(dU/dz)'] 


<aB  Brunt-Vaisala  frequency 


[-£?)'] 


APPENDIX  B 

The  Diagnostic  Turbulence  Equations 

Our  turbulence  equations  are  derived  from  those  of 
W75  by  neglecting  the  time  change,  Coriolis  and 
turbulent  transport  terms,  and  by  using  only  some  of 
the  full  set  of  equations.  The  reader  is  referred  to  that 
paper  for  a  full  discussion  of  the  parameterizations.  The 
closure  constants  and  lower  boundary  conditions  were 
unchanged  except  in  a  few  instances  where  slight 
modifications   were   required   because   of   the   model 


simplifications.  Our  equations  follow : 
Vertical  velocity  variance 

0.30(  uw \-vw —  ) 

\      dz  dz/ 

=  0.67(g/To)wd-0.093q3/l-0.5lq(w2-q2/3)/l. 
Turbulent  kinetic  energy 

lm(dU/dz)+™(dV/dz)=(g/Tojwd-OA39q3/l. 
Shear  stress 


O.Uw2(dU/dz)=-0.2S5{uwq/l)+0.2&(g/To)u6 
O.Uwi(dV/dz)=  -0.25l(vuiq/l)+0.28(g/To)vd 
Heat  flux 

w2(d@/dz)=  -\3Sweq/l+{\-Ci)(z/ToW 

0.5+1.5  Ri2-Ri3,0<Ri<l 
where  Ci= 

U,  Ri>l 

lm(d®/dz)+0.5we(dU/dz)=  -  1.35udq/l, 
vw(d@/dz)+0.5w6(dV/dz)=  -l.35vdq/l. 
Temperature  variance 

2w6(d@/dz)=  -0.3866V/. 


APPENDDC  C 

Numerical  Methods 

The  Adams-Bashforth  finite-difference  scheme  was 
used  to  march  in  time.  The  vertical  grid  was  equally 
spaced  in  the  transformed  variable  jj,  where 

z        z+A2 

t)  = hln . 

A\  A? 

Here  A  2  controls  the  rate  at  which  the  logarithmic  grid 
expands  near  the  surface,  while  Ai  determines  the 
height  at  which  the  grid  became  linear.  Values  of 
^2=5  m  and  ^4i=250  m  were  used.  The  variables  were 
staggered  in  the  vertical  with  the  mean  and  turbulence 
quantities  calculated  on  different  but  interlacing  grids. 

The  computer  model  was  a  factor  of  10  faster  than 
that  of  W75  because  we  used  simpler  equations,  time 
step  control  (Zeman  and  Lumley,  1976),  and  a  grid 
with  variable  resolution  and  vertical  extent. 

Because  spatial  rather  than  temporal  resolution 
limited  the  accuracy  of  our  solutions,  the  full  set  of 
turbulence  equations  was  not  solved  every  time  step. 
We  used  the  following  procedure : 

1)  We  solved  the  turbulence  equations  (Appendix  B) 
to  form  a  quadratic  equation  for  q2.  The  largest  root 
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always  proved  to  be  the  desired  solution.  If  Ri  exceeded 
a  critical  value  both  roots  were  negative  and  q2  was  set 
at  a  small  positive  value. 

2)  All  of  the  vertical  fluxes  were  then  calculated  in 
terms  of  the  known  q2. 

3)  Effective  eddy  diffusivities  for  momentum  and 
heat  were  formed  from  these  fluxes  and  the  existing 
mean  gradients. 

4)  These  effective  eddy  diffusivities  were  used  to 
calculate  fluxes  while  ten  time  steps  were  taken  with 
the  mean  equations. 

5)  The  procedure  was  repeated. 

We  tested  the  accuracy  of  this  procedure  by  com- 
paring two  10  h  model  simulations.  In  one,  the  proce- 
dure was  used  and,  in  the  other,  the  full  turbulence  set 
was  solved  each  time  step.  After  10  h,  the  temperatures 
differed  at  most  by  1  part  in  105  and  all  other  significant 
quantities  by  no  more  than  1  part  in  103. 

Our  program  discarded  the  top  grid  point  if  the 
stress  there  fell  below  a  small  threshold  value  for  one 
hour.  Typically,  after  5  h  five  grid  points  had  been 
discarded  and  the  computational  domain  had  shrunk 
from  500  to  250  m.  Then  the  grid  was  doubled  to  30 
points  and  the  mean  variables  were  interpolated  onto 
the  new  grid.  The  time  evolution  of  predicted  variables 
did  not  show  any  noticeable  effects  of  this  grid  change. 
Before  the  grid  change  the  vertical  resolution  was  2  m 
near  the  surface  and  increased  smoothly  to  50  m  aloft ; 
after  the  change  it  varied  from  1  to  25  m. 

A  dissipation  length  scale  which  behaved  as 
Ib  —  C<jw/u>b  at  large  z  and  the  lack  of  explicit  diffusion 
terms  in  the  turbulence  equations  allowed  the  turbulent 
kinetic  energy  at  adjacent  grid  points  to  tend  to  drift 
apart.  To  avoid  this  we  introduced  a  small  amount  of 
diffusion  by  running  a  Hanning  filter  over  l(z). 

The  initial  conditions  were  provided  by  holding  0 
fixed  with  d@/dz  =  4X10~5  K  m_1  and  integrating  to  a 
steady  state. 
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ANALYSIS  OF  THE  DISTURBED  BOUNDARY  LAYER  DURING 

GATE  USING  ACOUSTIC  SOUNDER  DATA 

John  E.  Gaynor 

NOAA/ERL/Wave  Propagation  Laboratory 
Boulder,  Colorado  80302 


1. 


INTRODUCTION 


OSS   OCEANOGRAPHER 
GATE    POSITION    NO.  4 


A  vertically  pointing  monostatic  atmos- 
pheric acoustic  sounder  was  installed  aboard  the 
NOAA  Ship  OCEANOGRAPHER  during  the  three  phases 
of  the  GARP  Atlantic  Tropical  Experiment  (GATE) 
in  the  summer  of  1974.   The  instrumentation  and 
initial  data  set  are  described  in  some  detail  by 
Mandics  and  Owens  (1975)  and  Mandics  and  Hall 
(1976). 

Briefly,  the  backscattered  echo  from 
the  clear  atmosphere  is  caused  by  small-scale 
(y   0.1  m)  turbulent  temperature  fluctuations  and, 
to  a  lesser  extent,  turbulent  humidity  fluctua- 
tions.  This  turbulent  structure  is  usually 
caused  by  relatively  warm,  moist  and,  therefore, 
buoyant  thermal  plumes  originating  at  the  slight- 
ly warmer  ocean  surface,  but  turbulence  due  to 
wind  shear  also  marks  stable  layers  at  the  top  of 
the  mixed  layer. 

Earlier  work  by  Gaynor  et  al.  (1976) 
has  detailed  the  types  of  acoustic  echoes  appear- 
ing on  acoustic  facsimile  recordings  during 
GATE.   The  recordings  clearly  showed  a  dramatic 
change  in  the  boundary  layer  during  and  following 
precipitation  over  or  near  the  ship.  The  stable 
regime  following  the  precipitation  (often  re- 
ferred to  as  the  convective  wake  during  the  GATE 
Workshop,  August  1977)  has  been  discussed  in  some 
detail  by  Gaynor  and  Mandics  (1978)  using  a  case 
study  approach. 

The  earlier  work  is  expanded  here  to 
include  a  possible  dynamic  mechanism  for  the 
break-up  or  dissipation  of  the  stable  layer,  the 
possible  effect  of  waves  in  the  stable  layers  on 
in  situ  measurements,  the  effect  of  wind  shear  on 
acoustic  scattering  at  the  stable  layer,  and 
temporal  statistics  of  these  wakes  during  GATE 
using  a  categorization  scheme  appropriate  to  the 
acoustic  sounder  data.   In  discussing  the  final 
item,  inferences  are  made  as  to  the  importance  of 
the  wake  in  modulating  the  development  of  further 
moist  convection. 

2.        THE  DISTURBED  BOUNDARY  LAYER  —  CASE 
STUDIES 

The  disturbed  boundary  layer  includes  a 
wake  region  and  the  gust  front  that  occurs  before 
the  wake.   Clear  indications  of  both  occurrences 
are  often  seen  very  clearly  in  the  acoustic 
sounder  data,  especially  when  no  major  rainfall 
occurs  over  the  ship. 

Figure  1  is  reproduced  from  Gaynor 
and  Mandics  (1978) .   It  shows  an  acoustic  fac- 
simile recorded  during  the  passage  of  a  squall 
line  in  GATE.   Thermal  plumes,  vertically 
oriented  dark  regions  near  the  bottom  of  the 
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Figure   1.      Acoustic  facsimile  record  during  a 
squall-line  passage  with  one -half -hour  averaged 
surface  bulk  aerodynamic  fluxes  of  latent  heat, 
LE,    sensible  heat,    H,    and  momentum,    X.    (Figure 
from  Gaynor  and  Mandics,    1978.) 


record,  are  prevalent  until  12S0  GMT*  when  the 
rain  begins.   The  dark  appearance  at  the  top 
of  the  record  is  due  to  electronic  amplification 
of  the  received  signal  to  compensate  for  acoustic 
beam  broadening.   The  effect  is  to  increase  back- 
ground noise.   The  rain  noise  continues  until 
1600,  after  which  horizontally  oriented  structures 
indicative  of  stable  layers  appear.  Using  slow 
ascent  radiosonde  profiles,  Gaynor  and  Mandics 
(1978)  have  shown  that  the  layers  are  lot  only 
statically  stable,  but  represent  true  inversions 
in  temperature.   Particularly  after  1900,  when 
the  thermal  plume  echoes  reappear  at  the  bottom 
of  the  record,  the  stable  layers  are  undulating 
with  apparent  wave  action.  Between  0000  and  0100, 
echoes  indicating  breaking  waves  or  Kelvin- 
Helmholtz  shear  instability  (Hooke  et  al.,  1973, 
and  Merrill,  1977)  are  clearly  seen  at  about  500  m. 

The  1/2-hr  averaged  surface  bulk  aero- 
dynamic fluxes  (Pond  et  al . ,  1974)  of  sensible 
heat,  H,  latent  heat,  LE,  and  momentum,  x,  are 


All  times  referred  to  are  GMT. 
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shown  beneath  the  acoustic  facsimile  records  in 
Fig.  1.  The  large  increase  in  fluxes  at  1250  (by 
an  order  of  magnitude  in  some  cases)  is  largely 
caused  by  the  increase  in  winds  (measured  at  the 
10-m  bow  boom  level)  associated  with  the  arrival 
of  the  gust  front.   The  cooler  and  slightly  drier 
air  advecting  past  with  the  gust  front  has  only 
a  minor  effect  in  increasing  H  and  LE  in  this 
case.   However,  the  statistics  presented  in 
Section  3  will  show  this  not  to  be  the  situa- 
tion in  the  average.   In  Fig.  1,  the  gust  front 
arrives  with  the  rain,  but  in  some  cases  it 
precedes  the  rain  by  a  few  minutes. 

One  of  the  uses  of  acoustic  sounder 
records  is  to  analyze  the  effect  of  the  waves 
(likely  gravity  waves)  seen  so  clearly  on  the 
stable  layers  in  Fig.  1.  These  waves  appear  in 
all  stable  layers  on  the  acoustic  records 
during  GATE  with  various  frequencies  and  ampli- 
tudes.  Calculations  of  vertical  fluxes  using 
tethered  balloon  data  in  the  regions  of  these 
undulating  stable  layers  will  most  surely  be 
adversely  affected.   Unfortunately,  the  wake 
regions  are  of  most  interest  for  boundary 
layer  flux  calculations.   Emmitt  (1977)  has 
reasoned  that  some  of  his  "anomalous"  fluxes 
(i.e.,  warm/moist  downdrafts  or  cold/dry  up- 
drafts)  may  be  caused  by  this  "mechanical  turbu- 
lence" associated  with  wave  activity.  The  sounder 
data  would  certainly  be  useful  when  used  in 
conjunction  with  data  from  tethered  balloons  to 
identify  the  dynamical  cause  of  the  "fluxes." 

In  the  process  of  analyzing  possible 
breaking  wave  activity  near  the  stable  layers 
during  wake  activity  by  calculating  bulk 
Richardson  numbers,  the  importance  of  wind 
shears  through  the  stable  layers  was  clarified. 
The  preliminary  results  from  tethered  balloon 
data  are  presented  in  Table  1.  The  vertical  gra- 
dients of  wind,  Au/Az,  and  virtual  temperature, 
A6  /Az,  for  the  suppressed  column  are  calcu- 
lated at  the  top  of  the  mixed  layer  as  de- 
lineated by  tethered  balloon  profiles  when  no 
stable' layer  echo  appeared  on  the  acoustic 
facsimile.   Although  the  sample  sizes  are  small 
and  the  standard  deviations  are  quite  large, 
tentative  conclusions  can  be  drawn.   Both 
columns  in  Table  1  show  slight  stability,  but 


the  wake  region  shows  stronger  wind  shear.   The 
mechanical  mixing  due  to  this  shear  is  important 
in  maintaining  density  gradients  from  which 
acoustic  waves  scatter.  This  result  has  been 
assumed  for  a  long  time,  but  only  in  GATE  did  the 
shear  mechanism  so  far  outweigh  the  relatively 
weak  stability  mechanism,  that  the  conclusion  be- 
came clear. 

The  bulk  Richardson  number  is  defined 


Ri 


A0   .-  . 
Az  nhz> 


where  G  and  u  are  as  defined  above,  and  e  and  z 
have  their  usual  definitions.   Ri  calculated 
using  the  bulk  definition  is  not  as  precise  as 
Ri  calculated  using  the  flux  definition  for 
defining  regions  of  possible  shear  instability 
where  Ri  <  0.25.   However,  three  or  four  subcri- 
tical  Ri's  corresponding  to  regions  of  clear 
breaking  wave  activity  appearing  on  the  sounder 
records  during  Phase  III  of  GATE  were  calculated 
from  tethered  balloon  data. 

An  example  of  shear  instability  is 
presented  in  Fig.  2  showing  profiles  from  a 
tethered  balloon  ascent  overlaid  on  an  acoustic 
facsimile  record.  The  ascent  occurred  between 
1959  and  2013,   between  which  times  the  facsimile 
indicates  a  fairly  constant  level  of  breaking 
wave  activity  within  a  stable  layer  shown  to  be 
stable  from  the  potential  temperature  profile 
measured  on  the  balloon  ascent.   Bracketed  regions 
A  and  B  represent  layers  of  strong  shear  in  both 
wind  direction  and  speed.   In  region  A,  Ri  = 
0.10,  and  in  region  B,  Ri  =  0.02,  both  easily 
subcritical.   Between  these  two  layers,  the  wind- 
speed  and  direction  show  that  the  region  is 
fairly  uniform  with  height.   The  acoustic  facsi- 
mile record  in  Fig.  2  indicates  that  between  re- 
gions A  and  B,  the  breaking  wave  echoes  appear. 
In  fact,  the  mixed  layer,  indicated  by  the  region 
of  thermal  plume  echoes  and  a  neutral  to  slightly 
unstable  8  profile,  seems  to  suddenly  deepen 
after  1930. 


Table   1.     Average  stabilities   (A9  /hz)  and  wind  shears   (Lu/t\z)  from  tethered  balloon  data  through 
the  stable  region  in  the  wakes  and  at  the  top  of  the  mixed  layer   (suppressed)  with  their 
standard  deviations.      The  numbers  of  points  in  the  samples  are  indicated  in  parentheses. 


Wake 


Standard  Deviation 


Suppressed 


Standard  Deviation 


A0 

v 

Az 


3.0xlO"3K  m-1(8) 


l.lxl0"3K  m"1 


3.8xlO"3K  m_1(21) 


2.7xlO"3K  m"1 


Au 
Az 


1.5xl0"2s_1(8) 


-2   -1 
1.2x10     s 


l.lxl0"2s_1(21) 


8.SM0~3s    l 
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Figure   2.      Acoustic  facsimile  record  during  a 
wake  occurrence  with  overlaid  profiles  of 
horizontal  windspeed  U  and  wind  direction   <J>. 
The  bracketed  regions  A  and  B  indicate   levels 
at  which  bulk  Richardson  numbers  were  calcu- 
lated. 


Probably  the  most  interesting  result  oi 
using  the  above  acoustic  sounder  criterion  to 
study  the  temporal  statistics  of  the  disturbed 
boundary  layer  is  that,  during  the  three  phases 
of  GATE,  the  boundary  layer  was  found  to  be 
disturbed  31%  of  the  time  at  the  locations  of 
the  OCEANOGRAPHER.   Such  a  large  percentage 
has  obvious  repercussions  in  tropical  boundary 
layer  modeling.   If  the  wake  is  a  region  of 
suppressed  moist  convective  activity,  how  does 
this  large  temporal  percentage  translate  into 
area  coverage?  Radar  can  help  answer  that  ques- 
tion, and,  indeed,  the  work  of  M.  Garstang  and 
colleagues  at  the  University  of  Virginia  has 
shown  that  the  same  percentage  area  is  indicated. 

The  average  length  of  disturbances 
was  3  h  with  maximum  lengths  approaching  17  h 
on  three  occasions  in  Phase  III.  These  events 
were  associated  with  squall-line  activity.   We 
can  use  the  approximate  formula  for  the  heating 
of  a  layer  of  depth  h  from  below, 


C  p  tr~   h  = 
p   dt 


PCpCHuAT 


(1) 


Soon  after  2030  the  stable  layer  echo 
disappears.  The  disappearance  of  the  stable 
layer  occurred  in  other  cases  of  breaking  wave 
activity,  also  (e.g.,  after  1920  in  Fig.  1). 

Although  the  exact  source  is  not 
known,  Houze  (1977)  and  Zipser  (1977)  have  in- 
dicated that  the  stable  layer  at  relatively 
low  levels  in  the  wake  is  maintained  by  meso- 
scale  subsidence  below  the  anvil.   As  the  dis- 
turbance moves  off,  this  subsidence  must  weaken, 
but  neither  Houze  nor  Zipser  indicates  exactly 
how  this  stable  layer  is  broken  or  dissipated. 
A  hypothesis  can  be  made  that,  at  least  occasion- 
ally, the  dissipating  mechanism  is  non-linear 
mixing  due  to  shear  instabilities. 

It  is  unfortunate  that  the  in- situ 
data  available  during  GATE  are  not  adequate  to 
study  this  mechanism  in  more  detail. 

3.        TEMPORAL  STATISTICS  OF  DISTURBED  EVENTS 

The  temporal  and  spatial  continuity 
of  acoustic  sounder  data  is  unsurpassed  by  that 
of  any  other  data  in  GATE.  A  simple  scheme  to 
categorize  the  GATE  boundary  layer  is  to  define 
a  disturbed  boundary  layer  as  a  gust  front  and 
a  following  wake  event. 

The  sounder  records  (for  example,  Fig. 
1)  clearly  indicate  the  arrival  of  the  gust  front 
and  the  end  of  the  wake  (disappearance  of  the 
stable  layer)  associated  with  precipitating 
convection  during  GATE.  A  disturbed  boundary 
layer  is  defined  here  as  a  signature  of  a  gust 
front  and  a  wake  on  the  acoustic  sounder  facsi- 
mile records.   If  only  air  surface  temperature 
(T.)  or  equivalent  potential  (9  )  temperature  are 
used  as  an  indicator  of  a  disturbance,  it  may  be 
misleading.  T,  and/or  9  may  return  to  their 
ambient  values  but  the  stable  layer  may  remain 
aloft,  indicating  a  region  of  strong  vertical 


where  C  is  the  specific  heat  at  constant  pres- 
sure, (y,   the  air  density,  and  C  ,  the  bulk 
aerodynamic  coefficient,  and  the  other  terms 
having  their  standard  definitions.   The  terms 
to  the  right  in  (1)  represent  the  bulk  aerody- 
namic relation.   Solving  (1)  for  the  approxi- 
mate recovery  time  of  the  mixed  layer  we  get 


At  =  ^  *  17  h, 


if  h  =  400  m,  CH  =  1.3  x  10   (Pond  et  al . ,  1974), 
and  u  =  5  m  s  ,  indicating  that  the  recovery 
times  shown  by  the  sounder  records  are  reason- 
able. Of  course,  (1)  ignores  advection  and 
mixing  from  above. 

A  scheme  of  categorizing  supporting 
in  situ  data  using  acoustic  facsimile  records  was 
improved  upon  by  C.  F.  Ropelewski  (unpublished 
manuscript)  at  the  Center  for  Experiment  Design 
and  Data  Analysis.  The  work  is  reported  in 
the  soon-to-be-released  Report  on  the  GATE 
Workshop  (July  1977) .   His  categories  are  as 
follows: 

1)  Undisturbed;  no  perturbations  within  2  h 
of  the  in  situ  data. 

2)  Pre-onset;  in  situ  data  averaged  between 
1.25  h  and  0.25  h  before  the  start  of  the 
perturbation. 

3)  Early  perturbed;  in  situ  data  averaged  1  h 
or  less  after  the  start  of  the  perturba- 
tion. 

4)  Mature  perturbed;  in  situ  data  averaged 
between  4  h  after  the  start  of  the  pertur 
bat ion  and  its  ending. 
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Table  2.     Phase  means  and  means  for  the  three  phases  of  GATE  of  latent 
heat  flux,   LE3  sensible  heat  flux,   H,  and  stress   t  for  the 
four  boundary  layer  categories . 


Phase  I 


Phase  II 


Phase  III 


Total 


LE(Wm  ) 


(1) 
(2) 
(3) 
(4) 


67(2787) 

101 (  278) 

97  (  640) 

72(  522) 


107(1016) 
84 (  281) 
99(  830) 
81 (  328) 


127(3157) 

108(  429) 

11 1(  923) 

93(1177) 


100(6960) 
99 (  988) 

103(2393) 
86(2027) 


H(Wm  2) 


(1) 
(2) 
(3) 
(4) 


6.7(2788) 

9.6(  279) 

16. 4(  640) 

12. 0(  530) 


9.5(1319) 

8.3(  281) 

13. 6(  831) 

9.1(  483) 


6.1(3157) 

8.2(  429) 

15. 2(  923) 

13.7(1177) 


6.9(7264) 

8.6(  989) 

15.0(2394) 

12.3(2190) 


T(Nm  ) 


(1) 
(2) 
(3) 
(4) 


0.023(3066) 
0.045(  303) 
0.050(  708) 
0.033(  555) 


0.048(1373) 
0.034(  297) 
0.046(  907) 
0.026(  520) 


0.056(3409) 
0.045(  469) 
0.052(1034) 
0.032(1281) 


0.042(7848) 
0.042(1069) 
0.049(2649) 
0.031(2356) 


The  perturbation  refers  to  the  gust  front/wake 
identified  on  the  acoustic  records.   The  early 
perturbed  and  mature  perturbed  categories  are 
an  attempt  to  separate  gust  fronts  and  wakes 
that  represent  different  boundary  layer  dyna- 
mic events  (Zipser,  1977). 

The  results  of  the  surface  bulk  aero- 
dynamic fluxes  categorized  as  above  and  calcu- 
lated similarly  to  those  presented  in  Fig.  1 
are  listed  in  Table  2.   The  results  have  been 
separated  according  to  GATE  phases  and  combined. 
The  numbers  of  3-min  averaged  fluxes  used  in  the 
total  averaging  are  presented  in  parentheses. 
Although  there  is  some  variation  between  the 
phases,  the  results  are  in  agreement  with  those 
Ropelewski  obtained  from  tethered  balloon  pro- 
files.  The  mature  perturbed  (wake)  category  has 
the  smallest  LE  and  T  of  the  four  categories  in 
the  average  of  all  phases  because  of  the  light 
surface  winds.   Maxima  of  LE  are  distributed 
between  categories  while  maximum  H  is  consis- 
tently in  the  early  perturbed  stage  between  the 
phases.   This  result  is  in  agreement  with  Zipser 
(1977)  who  showed  that  although  downdraft  air  is 
much  cooler  than  the  ambient  surface  air,  the 
mixing  to  the  surface  of  the  somewhat  drier  air 
sinking  beneath  the  anvil  is  not  noticeable.   The 
gust  front  is  clearly  noticeable  as  a  relatively 
large  T  value  only  in  Phase  I.  This  is  probably 
the  result  of  strong  undisturbed  surface  winds  at 
the  ship's  stations  in  Phase  II  and  III  .and  the 
brief  passage  of  the  front  which  may  cause  its 
effects  to  be  lost  in  the  averaging. 


4.        CONCLUSION 

The  usefulness  of  the  GATE  acoustic 
sounder  has  been  shown  in  analyzing  boundary 
layer  processes.  Used  in  conjunction  with 
tethered  balloon  data,  the  sounder  helps 
identify  the  dynamic  processes  that  affect 
the  in-situ  data.  A  possible  mechanism  for  the 
occasionally  rapid  erosion  of  the  low-level 
stable  layer  in  a  wake  region  is  proposed  which 
may  help  complete  the  modeling  of  the  wakes. 
The  results  of  the  categorization  of  surface 
flux  data  by  acoustic  sounder  records  agree 
with  existing  ideas  on  wake  processes,  but  show 
the  complexity,  in  a  temporal  sense,  of  the 
vertical  mixing  through  the  stable  layer. 
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ACOUSTIC  SOUNDING  IN  A  MOIST  TROPICAL  MARINE  ATMOSPHERIC 
BOUNDARY  LAYER  DURING  GATE 


John  E.  Gaynor 

NOAA/ERL/Wave  Propagation  Laboratory 
Boulder,  Colorado  80302 


1. 


INTRODUCTION 


A  vertically-pointing  monostatic  atmos- 
pheric acoustic  sounder  was  mounted  aboard  the 
NOAA  Ship  OCEANOGRAPHER  during  the  GARP  Atlantic 
Tropical  Experiment  (GATE)  between  July  and 
September,  1974.  The  very  moist  tropical  marine 
boundary  layer  with  only  minor  diurnal  variations 
provided  a  unique  and  interesting  environment 
for  atmospheric  acoustic  sounding.  The  instru- 
mentation is  described  in  some  detail  by  Mandics 
and  Owens  (1975). 

Normally,  in  a  less  moist  boundary 
layer  over  land,  acoustic  backscatter  is  pre- 
dominantly due  to  refractive  index  fluctuations 
caused  by  temperature  variations  (Tatarskii,  1971) 
In  fact,  in  a  dry  continental  boundary  layer, 
humidity  fluctuations  account  for  only  about  1% 
of  the  backscatter. 


where  C  is  the  acoustic  refractive  index  struc- 

"  2 

ture  function  (to  be  defined  below) ,  C_  is  the 

_2    ' 
temperature  structure  function,  T  is  the  average 


absolute  temperature,  r 


eT 


c;T/(CeCT)  is  the 


structural  correlation  coefficient,  C  _  is  the 

eT 

structure  function  of  temperature  and  moisture, 

2 
C  is  the  structure  function  of  moisture, 

e 

D  =  0.307,  p  is  the  average  ambient  air  pressure, 

2 
and  a  is  the  "correction"  factor  for  moisture. 

a 

Higher  order  terms  in  (lb)  have  been  ignored. 
The  refractive  index  structure  function  is  ex- 
pressed as  (Tatarskii,  1971) 


2,  2/3 


Cn  =  (ml  "  m2)  /r 


With  humidities  consistently  between 
90%  and  100%  in  the  lower  boundary  layer  (the 
mixed  layer)  within  the  GATE  region,  it  is 
instructive  to  ask  what  portion  of  the  acoustic 
backscatter  is  caused  by  humidity  fluctuations  in 
this  environment.  The  answer  to  this  question 
will  help  interpret  the  dynamical  features 
outlined  on  acoustic  facsimiles  recorded  during 
GATE.   Some  of  these  acoustic  data  have  been 
discussed  previously  (Mandics  and  Hall,  1976; 
Gaynor  et  al.,  1976;  Gaynor  and  Mandics,  1978). 


where  m  =  n  -  n,  n  is  the  refractive  index  and 
the  overbars  indicate  time  averages. 

The  aircraft  data  come  in  the  form 
of  spectral  densities  taken  over  sections  of 
the  flight  legs,  and  these  spectra  must  be  con- 
verted to  structure  functions.   In  the  inertial 
subrange  the  relation 

-5/3 


W 


o.2s  q:  kj 


(2) 


To  look  into  the  relative  importance 
of  temperature  and  humidity  fluctuations  separately 
and  their  co- fluctuations  requires  in  situ  tur- 
bulence data.  We  make  use  of  the  data  provided 
by  the  NOAA  DC-6  aircraft  flights  during  GATE. 
The  theoretical  background  now  exists  for  acoustic 
scattering  in  a  moist  environment  and  is  out- 
lined in  the  next  section.  All  that  remains  is  to 
apply  turbulent  measurements  to  the  theory.  This 
initial  analysis  is  described  in  Section  3. 


2. 


THEORETICAL  BACKGROUND 


The  basic  theory  has  been  described  by 
Wesely  (1976).  We  follow  his  approach  in  com- 
bining the  effects  of  temperature  and  humidity 
fluctuations  on  acoustic  backscatter. 

The  effects  of  humidity  are  repre- 
sented in  the  relation 


Cn  "  ICT/4t21V 


(la) 
(lb) 
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holds  reasonably  well  (Friehe  et  al.,  1975). 

♦_  is  the  one  dimensional  power  spectral  density 

of  temperature,  and  k  is  the  wave  number  compo- 
nent in  the  stream-wise  direction.  Similar 

2      2 
relations  hold  for  C  and  C  _. 
e      eT 

The  relations  given  above  provide  a  very 
simple  procedure  (in  practice)  for  calculat- 
ing the  contributions  of  humidity  fluctuations 
and  co-fluctuations  of  humidity  and  temperature 
to  acoustic  scattering.  The  next  section  pre- 
sents a  preliminary  look  at  the  data. 

3.        PRELIMINARY  DATA  ANALYSIS 

One  of  the  motivations  behind  looking 

2 
into  the  problem  of  the  contributions  of  C 

,2 

'eT 
explain  the  "hummocky"  echoes  that  occasionally 
appear  on  the  acoustic  facsimile  records  during 
GATE.  An  example  of  these  echoes  is  given  in 
Fig.  1.  The  vertically  oriented  dark  regions 
at  the  bottom  of  the  record  are  thermal  plumes. 
Above  them  is  a  relatively  clear  area  capped  by 
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Figure  1.     A  portion  of  an  acoustic  facsimile  recorded  during 
GATE  showing  hummocky  echoes. 


hummock-  or  "hat"-shaped  echoes.  These  have  been 
correlated  with  low- level  fair-weather  trade 
cumuli  using  tethered  balloon  and  photographic 
data  (Gaynor  et  al.,  1976;  Gaynor  and  Mandics, 
1978).   It  is  hypothesized  that  the  major  portion 
of  the  acoustic  backscatter  within  the  hummocks 


is  due  to  C  or  C* 


This  has  not  been  proved  to 


"e    "eT" 

date,  but  it  is  hoped  that  aircraft  data  will 
provide  the  proof. 

The  moisture  data  from  the  DC-6  refrac- 
tometer  is  in  the  form  of  water  vapor  density,  p  . 
To  put  the  structure  functions  in  the  form  of 
partial  pressure  of  water  vapor,  c,  the  relations 


and 


2       2  2 

e   v  w  '   p 


C2_  =  (R  T)  cl   _ 

eT   v  w    p  T 


are  used,  where  R  is  the  gas  constant  for  water 

w 

vapor.  To  convert  from  frequency  to  wave  number 
for  use  in  (2)  we  have 


kl  = 


2it  f 


I, 


where  U  is  the  aircraft  speed  (100  m  s  ). 

The  DC-6  T  and  p  data  from  the  tur- 
w 

bulence  probe  are  well  within  the  accuracy 

necessary  for  structure  function  calculations 

from  spectra  (Grossman  and  Bean,  1973) .  The 

filters  on  the  data  easily  allow  calculations 

from  the  spectra  or  cospectra  at  frequencies 

up  to  2  Hz  (Bean  et  al.,  1976).   From  our  ex- 


perience to  date,  this  frequency  is  well  within 
the  inertial  subrange. 

Figures  2  through  7  show  examples  of 

spectral  densities  and  cospectral  densities  of 

T  and  p  .   All  the  spectra  have  been  smoothed, 
w  ' 

They  constitute  two  cases,  each  a  7-min  continu- 
ous time  section  of  an  aircraft  leg,  each  at 
153  m  above  the  surface,  and  each  a  cross- 
wind  flight.  The  two  flights  were  on  different 
days  of  Phase  II  of  GATE.  Precipitation  occurred 
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Figure   2.      Tenperature  spectral  density  for 
13  August. 
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Figure  3.     Water  vapor  spectral  density  for 
13  August. 


Figure  5.     Temperature  spectral  density  for 
10  August. 
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Figure'  4.      Cospectral  density  of  temperature 
and  water  vapor  for  13  August. 


Figure  6.     Water  vapor  spectral  density  for 
10  August. 
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Figure  7.     Negative  of  the  coepeatral  density  of 
temperature  and  water  vapor  for  10  August. 

during  both  flights  with  the  latter  flight 
(13  August)  exhibiting  the  deeper  convection 
and  more  turbulence.  The  spectra  of  tempera- 
ture and  cospectra  of  T  and  p  for  the  10  August 

case  exhibit  a  slope  slightly  steeper  than  -5/3. 
Because  the  low-pass  filter  does  not  operate  at 
frequencies  below  3  or  4  Hz,  the  cause  of  this 

2 
steeper  fall-off  is  unknown.   The  errors  in  C_ 

2 

and  C  _  could  amount  to  as  much  as  30%  because 

of  this  discrepancy. 

Figures  2  and  3  show  the  spectral 
densities  of  T  and  p  ,  respectively,  from  part 

of  the  DC-6  flight  on  13  August.   Both  show  an 
apparent  inertial  subrange.   Figure  4  shows  the 
Tp  cospectral  density  which  is  all  positive 

for  the  bandwidth  indicated  and  also  shows  an 
inertial  subrange  behavior. 


In  contrast,  Tigs.  5  through  7  show 

spectral  densities  of  T  and  p  ,  and  cospectral 

w 

density  of  Tp  ,  respectively,  for  a  section  of 

a  flight  on  10  August.   The  day  was  less  disturbed 
with  slightly  less  convective  activity.  As 
mentioned  above,  the  inertial  subrange  in  Figs. 

6  and  7  is  not  apparent.  The  cospectrum  in  Fig. 

7  is  negative.   Friehe  et  al.  (1975)  indicate 
negative  cospectra  of  temperature  and  humidity 
directly  over  relatively  cold  water,  and  negative 
cospectra  of  temperature  and  moisture  are  be- 
coming well  documented  near  the  top  of  the  mixed 
layer  (Kyngaard  et  al.,  1978).   However,  it  is 
surprising  that  negative  cospectra  occur  at  only 
153  m,  well  below  the  average  height  of  the  mixed 
layer  in  GATE  which  was  shown  to  be  between  550 
and  600  m  during  the  GATE  Workshop  (July-August, 
1977). 

Table  1  shows  the  results  of  calcu- 
lating the  terms  of  Eqs.  (la)  and  (lb)  from  the 
spectral  data  for  the  two  cases  using  the  rela- 
tions presented  in  Section  2  and  the  beginning 
of  this  section.   The  first  column  in  Table  1 
represents  the  correction  due  to  the  co-fluc- 
tuations of  temperature  and  moisture.   The 
second  column  shows  the  correction  for  the 
fluctuations  of  moisture  alone.   If  the  effects 
of  moisture  are  included  in  the  computations 

2 
of  acoustical  C  ,  the  values  are  23%  and  22% 

higher  for  13  August  and  10  August  respectively, 
than  those  calculated  with  only  the  temperature 
effects  included.  These  correction's  are  in  good 
agreement  with  an  example  given  by  Fitzjarrald 
(1978),  which  also  used  GATE  DC-6  data,  but 

2 
only  took  into  account  C  .   It. is  interesting 

that  in  the  first  column  in  Table  1  is  a  rela- 
tively large  negative  value  for  10  August  re- 
flecting the  negative  Tp  co-fluctuations  in 

w  2 

Fig.  7.   Yet,  the  total  correction  (a  )  is 

positive  and  is  in  close  agreement  with  that  on 
13  August. 

The  results  presented  are  only  pre- 
liminary and  work  is  continuing.   The  ultimate 
goal  is  to  generate  GATE  aircraft -measured 

2   2      2 
profiles  of  C_,  C  and  C  _,  in  the  boundary 

layer  categorized  according  to  the  intensity  of 
convective  activity.   From  the  two  examples 
given  here,  it  appears  that  the  variability 
in  these  profiles  will  make  categorization 
difficult.   Not  only  will  these  parameters  be 


Table  1.      Terms  of  Eqs.    (la)  and  (lb)  for  the  tuo  cases  discussed. 


reT(2DCeT/CTp)      (DCeT/CTp)' 


13  August 
10  August 


0.212 
■0.83 


0.012 
1.05 


1.23 
1.22 
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useful  for  a  better  understanding  of  acoustic 
backscatter  in  the  moist  tropical  marine  atmos- 
pheric boundary  layer,  but  applications  exists 
for  other  remote  sensors  (e.g.,  with  radio  waves, 
infrared,  or  optical). 

A  possible  future  use  of  this  data 

would  be  indirect  computations  of  surface 

moisture  and  heat  fluxes  (Wyngaard  and  Clifford, 

1978).   If  the  effects  of  temperature  and 

2 
moisture  fluctuations  on  acoustic  C  could 

n 

ever  be  separated  in  a  moist  environment, 
the  acoustic  sounder  may  provide  some  opportun- 
ity for  remote  sensor  calculations  of  surface  heat 
and  moisture  fluxes. 
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4.        CONCLUSION 

Although  it  is  difficult  to  arrive  at 
any  firm  conclusions  from  these  preliminary 
calculations  it  is  apparent  that  the  variations 
2 

in  the  GATE  boundary  layer  are 


in  C2V   C2e 


and  C 


eT 


quite  large  and  very  dependent  on  atmospheric 

conditions.   Also  apparent  are  the  large  contri- 

2      2 
but ions  made  by  C  and  C  _  in  the  GATE  boundary 

layer. 

The  lack  of  a  clear  inertial  subrange 
for  the  temperature  spectra  and  Tp  cospectra 

during  one  of  the  two  flights  is  disturbing 
because  the  structure  functions  are  defined  in 
terms  of  inertial  subrange  behavior.  The 
reason  for  this  ill-defined  subrange  is  un- 
known.  Friehe  et  al.  (1975)  also  indicated  a 
lack  of  an  inertial  subrange  of  T- spectra  over 
the  ocean,  but  the  slope  was  less  steep  than 
-5/3.  More  GATE  data  need  to  be  analyzed  to 
make  sure  that  this  lack  of  an  inertial  subrange 
is  not  an  artifact  of  the  small  data  samples. 

The  GATE  aircraft  data  will  provide  a 

complete  set  of  structure  function  profiles 

applicable  to  the  tropical  marine  boundary 

layer.  Much  work  needs  to  be  done  on  generating, 

categorizing  and  scaling  these  profiles  to  make 

them  more  universally  useful.  Also,  a  descrip- 

2      2 
tion  of  the  importance  of  C  and  C  „  to  acoustic 

backscatter  within  the  hummocky  appearing 
structures  needs  to  be  provided. 
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ABSTRACT 

An  acoustic  sounding  system  placed  on  the  NOAA  Ship  Oceanographer  during  GATE  provided  a  unique 
meteorological  data  set.  Examples  of  three  distinct  boundary-layer  situations  are  discussed  as  they  appear 
on  the  facsimile  records  of  backscattered  acoustic  intensity:  1)  ubiquitous  plume  echoes  associated  with 
undisturbed  conditions,  2)  cool-air  outflows  (or  wakes)  from  either  squall-line  or  isolated  cumulonimbus 
activity  associated  with  disturbed  conditions  and  3)  "hat"-  or  "hummock"-shaped  echoes  associated  with 
low-level  cumulus  clouds  usually  occurring  during  weakly  disturbed  conditions.  Profiles  of  potential  tem- 
perature and  mixing  ratio  from  radiosonde  flights  launched  from  the  Oceanographer  are  compared  with  the 
acoustic  data.  Convective  plumes  observed  during  GATE  were  less  vigorous  than  those  seen  over  land. 
Bulk  aerodynamic  fluxes  of  surface  sensible  and  latent  heat  varied  in  time  with  the  passage  of  thermal 
plumes.  This  indicates  a  minimum  averaging  time  for  valid  flux  estimates  of  about  30  min.  Outflows  re- 
sulted in  order-of-magnitude  increases  in  surface  sensible  heat  flux  and  large  increases  in  surface  stress, 
but  only  relatively  small  increases  in  latent  heat  flux.  The  increased  stability  following  the  outflows  lasted 
from  a  few  hours  up  to  16  h,  depending  on  the  intensity  of  the  disturbance.  The  rate  of  dissipation  of  turbu- 
lent kinetic  energy  is  calculated  in  the  upper  mixed  layer  for  the  three  cases  using  an  acoustic  Doppler-dif- 
ferencing  technique.  These  values  are  intercompared  and  compared  with  those  from  other  studies.  Evidence 
is  presented  indicating  that  hummocky  echoes  were  associated  with  low-level  clouds.  Plumes  underneath 
the  hummocks  were  characterized  by  larger  moisture  content  and  surface  heat  fluxes  when  compared  with 
plumes  without  hummocks. 


1.  Introduction 

A  three-axis  acoustic  sounder  was  installed  on  the 
NOAA  Ship  Oceanographer  and  operated  during  the 
three  experimental  phases  of  GATE  in  1974  (Mandics 
and  Hall,  1976).  The  sounder  was  a  radarlike  device 
in  that  it  emitted  short  bursts  (200  ms)  of  acoustic 
energy  at  regular  intervals  (typically,  once  every  5  s). 
After  the  pulse  transmission,  a  sensitive  receiver  was 
automatically  connected  to  the  same  antenna  to  col- 
lect signals  backscattered  by  small-scale  atmospheric 
temperature  and  humidity  irregularities.  Fig.  1  shows 
the  acoustic  antennas  mounted  in  the  bow  of  the  ship. 
The  antenna  assembly  was  gyro-mounted  to  com- 
pensate for  the  ship's  pitch  and  roll  motions.  An 
accelerometer  provided  information  on  the  ship's 
vertical  motions  and  facilitated  the  extraction  of 
vertical  velocities  from  the  Doppler-shifted  acoustic 
returns.  The  sounder  had  to  operate  at  the  relatively 
high  acoustic  frequency  of  2950  Hz  most  of  the  time 
to  decrease  interference  from  ambient  ship  noise.  The 
system  configuration  and  electronic  circuitry  have 
been  described  by  Mandics  and  Owens  (1975)  and 
were  similar  to  those  of  Simmons  et  al.  (1971).  The 
purpose  of  the  two  forward-tilted  antennas  (Fig.   1) 


was  to  measure  the  horizontal  wind  in  the  lower 
boundary  layer  using  the  Doppler  frequency  shift  of 
the  returned  acoustic  signals.  However,  because  of 
contamination  by  sea  scatter  and  wind  noise,  quanti- 
tative analysis  of  the  data  obtained  by  these  two 
antennas  was  not  possible.  The  results  reported  here 
were  obtained  from  acoustic  signals  received  by  the 
vertically  pointed  antenna  only. 

The  sounder  provided  backscattered  intensity  and 
Doppler  data  in  the  mixed  layer  and  frequently  in 
the  lower  cloud  layer.  As  described  by  Mandics  and 
Hall  (1976),  these  data  delineated  dynamic  changes 
that  had  profound  effects  on  the  tropical  mixed  layer. 
This  paper  describes  the  changes  between  disturbed 
and  undisturbed  conditions  as  seen  by  the  sounder 
as  well  as  the  characteristics  of  the  mixed  layer  and 
low-level  clouds  that  appeared  on  occasion  as  hum- 
mocky echoes  on  the  acoustic  facsimile  records.  The 
acoustic  Doppler  data  provided  verticalvelocities  and 
estimates  of  the  rate  of  dissipation  of  turbulent  kinetic 
energy  for  various  subcloud  layer  conditions.  Sup- 
porting meteorological  data  were  obtained  from 
radiosonde  flights  and  the  Surface  Meteorological 
Sensing   System    (SMSS)   aboard   the  Oceanographer. 


339 


224 


MONTHLY     WEATHER     REVIEW 


Volume  106 


Fig.  1.  The  three-axis  acoustic  sounding  system  mounieu  in  me  uow  oi  tne 
NOAA  Ship  Oceanographer. 


The  radiosondes  provided  profile  information  which 
helped  to  interpret  the  acoustic  facsimile  records. 
Surface  fluxes  were  calculated  from  the  SMSS  data 
using  the  bulk  aerodynamic  method  and  were  com- 
pared with  structures  seen  on  the  facsimiles. 

For  simplicity,  the  height  region  depicted  on  the 
facsimiles  (from  50  to  ~850  m)  is  referred  to  as  the 
boundary  layer  which  also  includes  a  portion  of  the 
lower  cloud  layer.  As  usual,  the  mixed  layer  or  sub- 
cloud  layer  is  the  region  in  which  the  potential  tem- 
perature and  mixing  ratio  are  nearly  constant  with 
height. 

2.  Interpretation  of  the  acoustic  facsimile  records 

a.  The  disturbed  tropical  marine  boundary  layer 

Disturbed  weather  conditions  prevailed  at  the  posi- 
tions occupied  by  the  Oceanographer  about  30%  of 
the  time  in  GATE.  The  acoustic  records  delineated 
two  basic  types  of  disturbance.  One  was  caused  by 
cold-air  outflow  from  isolated  cumulonimbi.  The 
second  type  was  associated  with  more  organized 
squall-line  activity.  Air  cooled  by  raindrop  evapora- 
tion within  a  cumulonimbus  cloud  became  denser, 
sank  to  the  surface,  and  spread  out  horizontally  in 
the  form  of  a  gravity  current.  During  GATE,  seven 
well-developed  squall  lines  passed  over  the  Oceanog- 
rapher, two  in  Phase  I  and  five  in  Phase  III.  Their 
average  temperature  drop  at   10  m  height  near  the 


head  of  the  current  was  4°C,  and  the  inversion  struc- 
ture on  the  facsimile  lasted  for  an  average  of  14  h, 
slowly  weakening  and  rising  with  time  as  plumes 
developed  from  below.  Smaller,  less  intense  outflows 
from  individual  cumulonimbi  were  much  more  fre- 
quent. These  occurred  about  130  times  during  all 
three  phases  of  GATE,  lasted  an  average  of  2  h  and 
produced  an  average  initial  temperature  drop  of 
about  1°C. 

Fig.  2  shows  time-height  facsimile  records  of  the 
intensity  of  backscattered  acoustic  signals  during  the 
passage  of  an  intense,  organized  squall  line  in  Phase  III. 
Scattering  by  small-scale  (~0.1  m)  turbulent  tempera- 
ture (and  to  a  lesser  extent  humidity)  inhomogeneities 
produced  the  dark  regions  seen  in  the  record;  white 
areas  correspond  to  a  lack  of  scatter.  Gradual  dark- 
ening of  the  record  with  height  resulted  from  the 
amplification  of  ambient  noise  by  the  automatic  range- 
compensation  circuit  in  the  receiver.  Hour  marks  were 
provided  by  turning  off  the  transmitter  for  one  minute 
at  the  end  of  each  hour. 

Prior  to  the  arrival  of  the  squall  line  at  125 1,1 
vertically  oriented  structures  with  their  bases  at  the 
bottom  of  the  facsimile  record  depicted  convective 
plumes  that  were  characteristic  of  suppressed  (un- 
disturbed) conditions.  For  3  h  after  1251,  acoustic 
noise  produced  by  raindrops  falling  on  the  antenna 


1  All  times  referred  to  in  this  paper  are  GMT. 
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Fig.  2.  An  acoustic  facsimile  recorded  during  the  passage  of  an  organized  squall  line  with  radiosonde 
profiles  of  potential  temperature  6  and  mixing  ratio  q.  The  profiles  have  been  placed  on  the  facsimile 
approximately  at  the  correct  flight  times. 


almost  completely  obliterated  the  record.  Vertical 
profiles  of  potential  temperature  0  and  mixing  ratio  q, 
evaluated  from  high-resolution  radiosonde  flights  are 
overlaid  on  the  facsimile  just  preceding,  during,  and 
after  the  cool-air  downdraft  associated  with  the  squall 
line  passage.  There  is  a  significant  difference  between 
the  radiosonde  profiles  at  1215  and  1515.  They  show 
a  cooling  of  4  K  at  the  surface  and  a  warming  of  3  K 
at  700  m  creating  a  rather  strong  temperature  inver- 
sion during  the  3  h  period.  The  two  q  profiles  show 
a  drying  of  the  entire  boundary  layer  with  a  decrease 
of  2  g  kg-1  at  the  surface  and  3  g  kg-1  near  800  m. 
Radiosonde-measured  wind  profiles  (not  shown)  indi- 
cate the  development  of  a  strong  vertical  shear  in 
the  horizontal  wind  in  the  layer  between  350  and 
500  m  at  1515.  At  1805,  the  region  above  150  m  has 
dried  out  and  warmed  up  further,  probably  because 
of  subsidence  after  the  squall  line  passage.  The  moist 
layer  has  been  squeezed  to  within  150  m  of  the  sur- 
face. The  dark  region  on  the  acoustic  facsimile  with 
its  top  at  about  150  m  seems  to  be  associated  with 
acoustic  scattering  from  the  layer  in  which  there  is 
a  large  negative  gradient  of  q  and  a  large  positive 
gradient  of  6  with  height.  This  is  a  region  of  sub- 
stantial acoustic  refractive  index  changes  from  which 
acoustic  backscatter  originates.  The  upper  dark  layer 


which  appears  to  correspond  to  a  subsiding  mass  of 
air  is  associated  with  an  enhanced  positive  gradient 
in  6  between  250  and  400  m.  The  effects  of  this  large 
outflow  on  the  subcloud  layer  were  similar  to  those 
observed  by  Seguin  and  Garstang  (1976)  using  air- 
craft data.  The  undulations  superimposed  on  the 
inversion  layers  between  1600  and  2200  were  probably 
caused  by  gravity  waves  and  resemble  those  reported 
by  Hall  et  al.  (1976)  in  density  currents  over  land. 

After  1900  (see  Fig.  2)  thermal  plumes  have  de- 
veloped, have  started  rising  and  have  initiated  gravity 
waves  within  the  inversion  layers.  The  mixed  layer 
has  been  reestablished  by  2115.  The  plumes  have 
moistened  the  layer  up  to  300  m  (the  level  at  which 
we  see  the  inversionlike  structure  on  the  facsimile), 
but  the  region  above  remains  relatively  dry.  At  0005, 
the  inversion  structure  became  weaker  and  more  dif- 
fuse along  with  weaker  gradients  in  6  and  q.  The 
inversion  structure  at  0315  has  risen  to  around  600  m 
and  is  very  weak.  As  indicated  by  the  6  and  q  profiles, 
this  level  corresponds  to  the  top  of  the  mixed  layer. 
The  weakness  of  the  scattering  is  partly  due  to  atmo- 
spheric absorption  of  the  acoustic  signal  at  such  a 
high  level.  The  time  period  from  1600  to  0500  is 
commonly  referred  to  as  the  squall-line  wake.  The 
profiles  at  0600  are  representative  of  typical  undis- 
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Fig.  3.  Acoustic  facsimile  recorded  during  a  period  of  hum- 
mocky  echoes  with  a  radiosonde  profile  of  potential  tempera- 
ture 6  and  mixing  ratio  q. 

turbed  conditions.  The  potential  temperature  and 
mixing  ratio  were  nearly  constant  up  to  400  m  where 
a  slight  increase  in  9  and  a  decrease  in  q  indicated 
the  top  of  the  mixed  layer.  These  profiles  agree  well 
with  those  first  presented  by  Malkus  (1956)  for  sup- 
pressed conditions.  We  see  no  acoustic  backscatter 
from  the  top  of  the  mixed  layer  at  0600  (and  during 
most  undisturbed  periods)  for  two  reasons :  the  6  profile 
does  not  indicate  as  strong  a  stability  at  the  mixed- 
layer  top  as  previously  (cf.  with  the  profile  at  0315) 
and  there  is  little  or  no  vertical  shear  of  the  horizontal 
wind  either  in  direction  or  speed.  The  inversionlike 
structures  on  the  facsimiles  (depicted  by  quasi-hori- 
zontal dark  layered  regions  above  100  m)  nearly  always 
correspond  to  a  layer  of  vertical  shear  (in  direction 
and/or  speed)  of  the  horizontal  wind.  The  shear 
induces  mechanical  turbulence,  which  enhances  mixing 
within  the  vertical  gradients  of  6  and  q  and  increases 
the  likelihood  of  acoustic  backscatter.  When  the  en- 
hanced $  and  q  gradients  associated  with  outflows 
are  combined  with  the  vertical  wind  shears,  strong 
acoustic  scattering  occurs  as  indicated  by  the  ap- 
proximately horizontal  layering  shown  between  1500 
and  2200  in  Fig.  2. 

b.  Hummocks 

About  15%  of  the  time  during  GATE,  "hat"-  or 
"hummock  "-shaped  echoes  appeared  above  the  plumes. 
An  example  is  shown  in  Fig.  3.  The  hummocks  appear 
with  bases  at  400  m  between  0300  and  0320,  and  a 
clear,  dark  hummock  is  centered  at  0355.  (The  thick 
horizontal  dark  line  at  the  top  of  the  facsimile  record 
is  caused  by  direct  acoustic  reflection  from  the  Bound- 
ary Layer  Instrument  System's  (BLIS)  balloon  and 
the  two  intermittent  weak  echoes  below  the  dark  one 
are  reflections  from  the  upper  two  instrument  packages 


on  the  tether.)  Shaw  (1971)  observed  similar  hum- 
mocky  acoustic  returns  in  Australia  and  was  able  to 
correlate  them  with  low-level  cumuli  overhead.  Hum- 
mocky  acoustic  echoes  also  have  been  described  by 
Mandics  and  Hall  (1976).  The  mixing  ratio  q  profile 
plotted  in  Fig.  3  at  0300  shows  a  moist  subcloud 
layer  with  not  as  large  a  decrease  of  moisture  with 
height  as  that  observed  at  0600  in  Fig.  2  when  no 
hummocks  were  present.  In  fact,  it  is  very  difficult 
to  ascertain  the  top  of  the  mixed  layer  from  the  q 
profile  alone.  The  6  profile  indicates  the  top  of  the 
mixed  layer  to  be  around  500  m  with  a  hint  of  a 
"transition"  layer  between  350  and  500  m.  The  moist 
subcloud  and  lower  cloud  layers  in  Fig.  3  are  to  be 
expected  if  indeed  these  hummocks  were  associated 
with  clouds.  Gaynor  et  al.  (1976)  have  shown  that 
mixing  ratio  time  series  evaluated  from  BLIS  data 
at  the  level  of  the  hummocks  correlated  well  with 
the  presence  of  hummocky  echoes.  The  mixing  ratio 
reached  peak  values  near  saturation  within  the  hum- 
mocks and  decreased  considerably  between  them. 

Visual  inspection  of  all-sky  camera  photographs 
taken  on  the  Oceanographer  allowed  us  to  correlate 
the  appearance  of  low-level  cumuli  overhead  and  the 
hummocks  recorded  on  the  facsimile  during  daytime. 
In  most  cases,  when  there  was  a  hummock  a  cloud 
was  observed.  However,  quite  often,  low-level  clouds 
had  no  corresponding  hummock.  The  fact  that  low 
clouds  were  difficult  to  observe  in  the  all-sky  photos, 
especially  when  the  sun  or  high  cirrus  clouds  were 
directly  overhead,  made  the  correlation  process  some- 
what uncertain. 

Lifting  condensation  levels  (LCL)  were  computed 
using  Oceanographer  SMSS  data  and  were  compared 
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Lifting  Condensation  Level  (m) 

Fig.  4.  Scatter  diagram  of  hummock  base  heights  observed 
on  the  acoustic  facsimile  records  versus  computed  lifting  con- 
densation levels  (LCL)  during  all  three  phases  of  GATE. 
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with  the  hummock  base  heights.  The  scatter  diagram 
in  Fig.  4,  containing  500  points  of  LCL  versus  hum- 
mock base  heights  for  all  three  phases  of  GATE, 
shows  that  the  hummock  bases  were  usually  slightly 
above  the  LCL.  Fig.  4  suggests  that  the  hummocks 
were  caused  by  acoustic  backscatter  from  within-cloud 
turbulence  or  turbulence  near  the  edge  of  the  clouds 
where  strong  temperature  and  moisture  mixing  with 
the  environment  occurred.  We  conclude,  therefore, 
that  the  hummocks  indicate  clouds,  but  very  likely 
a  particular  type  of  cloud. 

The  acoustic  facsimile  records  reveal  that  hummocks 
often  appeared  after  the  passage  of  strong  or  moderate 
outflows  associated  with  squall  lines  or  thunderstorms. 
In  some  cases,  a  nearly  continuous  band  of  hummocks 
formed  which  was  associated  with  low  stratiform 
clouds  at  an  inversion  level  following  squall-line 
activity.  At  other  times,  hummocks  were  generated 
by  a  series  of  weak  outflows  that  passed  over  the 
ship  during  slightly  disturbed  conditions.  In  all  cases, 
the  surface  streamline  analyses  from  GATE  Report 
No.  17  (International  Scientific  and  Management 
Group,  1975)  indicated  synoptic-scale  convergence 
either  very  close  to  or  directly  over  the  Oceanographer 
when  hummocks  appeared.  We  hypothesize  that  to 
generate  strong  enough  temperature  and  moisture 
turbulence  within  or  at  the  edge  of  clouds  in  the 
lower  cloud  layer  to  produce  sufficiently  intense 
acoustic  backscattering,  a  fairly  strong  temperature 
and  mixing  ratio  contrast  must  have  existed  between 
the  cloud  and  its  environment.  In  particular,  this 
was  true  after  the  passage  of  a  cool-air  outflow  when 
moist  and  cool  air  underlay  drier  and  potentially 
warmer  air  as  illustrated  by  the  profiles  in  Fig.  2. 
As  the  convective  plumes  became  more  vigorous,  they 
penetrated  the  top  of  the  mixed  layer.  Then  the 
increased  buoyancy  from  condensational  heating  re- 
sulted in  comparatively  strong  mixing  between  the 
cloud  and  its  environment. 

By  contrast,  the  doughnut-shaped  echoes  seen  by 
10  cm  radar  (Hardy  and  Ottersten,  1969)  are  caused 
entirely  by  clear-air  returns  and  cannot  be  related  to 
clouds  directly.  These  echoes  are  two-dimensional  (in 
space)  radio-wave  manifestations  of  the  thermal 
plumes  that  appear  as  vertical  structures  in  the 
acoustic  time/height  facsimile  records. 

To  better  understand  the  mechanism  responsible 
for  acoustic  scattering  in  a  moist  atmosphere,  it  is 
necessary  to  consider  the  relative  importance  of  tem- 
perature and  humidity  fluctuations.  In  the  boundary 
layer  over  relatively  dry  land,  moisture  fluctuations 
are  usually  negligible  and  it  is  assumed  that  essen- 
tially all  of  the  acoustic  backscatter  is  produced  by 
temperature  fluctuations  at  scales  of  one-half  the 
acoustic  wavelength  (~0.1  m)  (Tatarskii,  1971). 
Preliminary  analysis  of  some  GATE  aircraft  tempera- 
ture and  water  vapor  spectral  density  data  indicates, 


however,  that  moisture  fluctuations  could  have  con- 
tributed up  to  25%  of  the  backscattered  intensity  in 
the  subcloud  layer. 

The  contribution  of  moisture  to  scattering  may 
have  been  even  higher  within  the  hummocks.  Wesely 
(1976)  showed  analytically  that  the  co-fluctuations 
of  temperature  and  moisture  may  be  an  important 
contributor  to  acoustic  scattering  over  the  ocean. 
Similarly,  Friehe  et  al.  (1975)  demonstrated  experi- 
mentally that  these  co-fluctuations  accounted  for  a 
large  portion  of  optical  scatter  6  m  above  the  ocean's 
surface.  These  results  can  be  related  directly  to  acoustic 
propagation.  However,  better  high-frequency  data 
from  collocated  temperature  and  humidity  sensors  are 
needed,  and  more  analysis  will  have  to  be  performed 
to  delineate  the  relative  contribution  of  moisture  and 
temperature  fluctuations  to  acoustic  backscatter  in 
the  moist  tropical  marine  environment. 

Because  the  facsimile  records  present  the  data  on 
a  time-height  scale,  the  spatial  proportions  of  the 
hummocks  (clouds)  are  considerably  distorted.  To 
rectify  the  situation,  we  digitized  two  sections  of  an 
acoustic  record  containing  a  few  hummocks  (top  half 
of  Fig.  5),  and  after  subtracting  the  average  back- 
ground noise,  we  replotted  the  data  using  an  expanded 
time  scale  (bottom  half  of  Fig.  5).  Assuming  that 
the  hummocks  advected  with  the  mean  wind  at  their 
level,  we  placed  an  appropriate  length  scale  on  the 
facsimile.  The  enlarged  hummock  sections  show  pat- 
terns that  closely  correspond  to  the  actual  shape  of 
clouds.  In  Fig.  5  we  have  overlaid  contours  of  acoustic 
Doppler-derived  vertical  velocities  w  averaged  for  15  s 
on  the  facsimile  record.  Vertical  velocities  obtained 
from  acoustic  returns  with  low  signal-to-noise  ratio 
have  not  been  contoured.  Note  that,  although  there 
were  upward  motions  greater  than  2  m  s-1,  sub- 
stantial downward  motions  also  occurred  within  the 
clouds.  The  downward  moving  parcels  are  expected 
to  be  in  regions  of  entrainment  that  would  be  suffi- 
ciently turbulent  to  produce  strong  acoustic  back- 
scatter.  The  entrainment  characteristics  implied  here 
are  quite  similar  to  those  discussed  by  Telford  and 
Wagner  (1976)  for  small  fair-weather  cumuli  over 
land.  These  cumuli  had  features  that  included  buoyancy 
lifting  near  the  front  of  the  cloud  as  it  advects  past 
and  entrainment  and  downward  mixing  near  the  top 
and  rear  of  the  cloud. 

3.  Quantitative  analysis 

In  addition  to  describing  qualitatively  the  tropical 
marine  boundary  layer  in  hitherto  unseen  detail,  the 
acoustic  data  set  also  allowed  the  quantitative  evalu- 
ation of  several  important  parameters.  Surface  fluxes 
were  compared  with  facsimile  records  along  with 
vertical  velocities  determined  from  Doppler-shifted 
a    ustic  returns.  Also,  using  vertical  differencing  of 
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Fig.  5.  Facsimile  recording  of  hummocks  with  two  enlarged  hummock  sections 
plotted  underneath.  Contours  of  15  s  averaged  Doppler  vertical  velocities  w  with 
contour  intervals  of  0.5  m  s_10are  overlaid  on  the  enlarged  sections.  The  hatched 
areas  indicate  downward  motion  and  only  the  regions  of  relatively  high  acoustic 
signal-to-noise  ratio  have  been  contoured. 


acoustically  determined  velocities,  we  obtained  esti- 
mates for  the  rate  of  dissipation  of  turbulent  kinetic 
energy. 

a.  Surface  fluxes 

The  acoustic  facsimile  in  Fig.  6  illustrates  an  un- 
disturbed situation  with  plumes  extending  from  near 
the  ocean  surface  to  between  300  and  400  m.  The 


vertical  velocity  w  plotted  in  Fig.  6,  was  evaluated 
from  the  Doppler-shifted  acoustic  returns  at  177  m  and 
averaged  for  one  minute  with  a  running  filter.  Varia- 
tions of  w  show  good  correlation  with  the  plumes. 
The  dotted  segments  within  the  time  series  of  w 
indicate  regions  of  low  acoustic  signal-to-noise  ratios 
in  which  the  Doppler  extraction  became  unreliable. 
Some  of  the  more  intense  plumes  produced  maximum 
upward  velocities  near  0.5  m  s-1. 
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Fig.  6.  Acoustic  facsimile  of  an  undisturbed  boundary  layer  with  time  series  of 
Doppler-derived  vertical  velocity  w  at  177  m  overlaid.  Time  series  of  3  min  averaged 
surface  sensible  heat  flux  H  surface  latent  heat  flux  LE  and  10  m  horizontal  wind 
U  are  plotted  in  the  center.  In  the  bottom,  30  min  averages  of  H,  LE  and  surface 
momentum  flux  (stress)  r  are  plotted. 
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The  3  min  averaged  surface  sensible  heat  flux  H 
and  the  latent  heat  flux  LE  have  been  calculated 
from  the  Oceanographer  surface  meteorological  data 
using  bulk  aerodynamic  methods  (Pond  et  al., 
1974),  i.e., 


OSS  OCEANOGRAPHER 
GATE   POSITION   NO.  4 


H  =  L54U10(f.-T10), 
LE=3.74Xl03U10(q,-qrO), 


a) 

(2) 


where  Uio  is  the  averaged  horizontal  wind  at  10  m 
above  the  sea  surface,  T,  and  q,  are  the  sea  surface 
temperature  and  mixing  ratio  (assuming  that  the  air 
is  saturated  near  the  surface),  respectively,  and  Ti0 
and  $io  are  their  values  at  10  m.  In  keeping  with 
standard  notation,  the  latent  heat  flux  is  denoted 
by  LE,  where  L  is  the  latent  heat  of  vaporization 
of  water  and  E  is  the  moisture  flux.  H  and  LE  are 
plotted  directly  below  the  acoustic  facsimile  in  Fig.  6 
along  with  the  3  min  averaged  horizontal  wind  at 
10  m  which  we  designate  as  U.  At  the  base  of  the 
plume  families  (between  0  and  10  m),  we  find  minima 
in  H,  LE  and  U;  e.g.,  the  minima  at  0418  and  0427 
correspond  to  two  rather  vigorous  plume  families 
adverting  past  at  these  times.  However,  based  on 
physical  reasoning  we  would  expect  maxima  of  H 
and  LE  at  the  bases  of  warm  and  moist  plumes  with 
minima  in  between.  Fig.  6  indicates  that  because  the 
surface  fluxes  depend  on  variations  in  U  and  not  in 
the  gradients  of  temperature  and  mixing  ratio,  the 
3  min  averaging  time  is  inadequate.  Therefore,  the 
minimum  averaging  time  necessary  for  the  bulk 
method  to  provide  valid  flux  estimates  is  controlled 
by  the  period  of  the  plume  families.  This  period 
depends  on  the  advection  speed  of  the  plumes,  and 
for  the  case  in  Fig.  6  it  is  about  10  min.  At  least  two 
or  three  periods  should  be  included  in  the  average, 
consequently  a  minimum  averaging  time  for  the  bulk 
fluxes  would  be  about  30  min.  The  30  min  averaged 
fluxes  are  presented  in  the  bottom  of  Fig.  6  along 
with  the  surface  stress  r  also  calculated  by  bulk 
methods  using  (Pond  el  al.,  1974) 


t=1.53X10-W. 


(3) 


The  three  plots  at  the  bottom  of  Fig.  6  show  that 
the  plume-caused  variations  have  been  averaged  out. 
Although  surface  fluxes  presented  by  others  were  not 
calculated  over  the  ocean  in  the  same  way  as  those 
in  Fig.  6  and  subsequent  figures,  the  agreement  be- 
tween our  results  and  those  presented  by  Leavitt  and 
Paulson  (1975)  and  Paulson  et  al.  (1972)  from  BOMEX 
data  is  quite  good.  Miiller-Glewe  and  Hinzpeter  (1975) 
presented  preliminary  flux  results  from  GATE,  cal- 
culated using  both  direct  and  bulk  or  profile  methods. 
These  also  show  good  agreement  with  our  results. 

BLIS  fixed-level  data  indicate  that  the  plumes  were 
generally  slightly  warmer  and  considerably  more  mo.  a 
than  the  environment.  There  have  been  cases  noi.ed, 
however,  in  which  the  plumes  were  moist  and  shj1 h.'y 
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Fig.  7.  Acoustic  facsimile  of  the  disturbed  boundary  layer. 
Time  series  of  30  min  averaged  surface  sensible  heat  flux  H, 
surface  latent  heat  flux  LE  and  surface  momentum  flux  (stress) 
t  are  plotted  below  each  facsimile.  The  averaging  periods  are 
adjusted  to  correspond  to  the  arrival  of  the  squall  line. 

cooler  than  the  environment  while  the  ocean  surface 
temperature  was  nearly  the  same  as  or  slightly  less 
than  the  air  temperature  at  10  m.  Even  when  the 
ocean  temperature  was  more  than  0.5 °C  warmer  than 
the  overlying  air,  plumes  were  occasionally  cooler 
than  the  ambient  air  at  the  10  m  level.  In  such  situ- 
ations, the  buoyancy  is  due  primarily  to  the  moisture. 
Within  these  anomalous  plumes,  LE-\-H>0  with  H 
slightly  less  than  zero.  More  data  analysis  will  have 
to  be  performed  to  determine  why  some  plumes 
remain  cooler  than  the  environment  when  the  ocean 
surface  is  warmer  than  the  air. 

The  squall-line  event  presented  in  Fig.  2  is  shown 
again  in  Fig.  7  with  30  min  averaged  fluxes  plotted 
beneath  the  facsimile  records.  The  averaging  time 
was  adjusted  to  coincide  with  the  arrival  of  the  squall- 
line.  The  dramatic  increases  in  LE,  H  and  t  imme- 
diately following  the  arrival  of  the  squall  line  are 
predominantly  caused  by  the  increased  surface  wind 
speed.  However,  because  the  outflow  was  considerably 
cooler  and  only  slightly  drier  than  the  ambient  air 
(see  Fig.  2),  the  relative  increase  in  H  was  larger 
than  that  in  LE.  In  fact,  H,  which  is  normally  close 
to  20  times  smaller  than  LE  (Fig.  6),  is  only  about 
three  times  smaller  at  the  head  of  the  outflow.  If  we 
could  measure  "instantaneous"  surface  fluxes,  the 
changes  in  these  would  likely  be  even  more  spectacular. 
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f  ig.  8.  Acousuc  tacsimiie  ot  a  penoa  witn  nummocky  ecnoes. 
Time  series  of  Doppler  vertical  velocity  w  at  141  and  466  m 
are  overlaid  on  the  upper  facsimile.  Time  series  of  30  min  aver- 
aged surface  sensible  heat  flux  H,  surface  latent  heat  flux  LE 
and  surface  momentum  flux  (stress)  t  are  plotted  below  each 
facsimile. 


Note  that  the  elevated  surface  fluxes  (especially  LE) 
continue  for  nearly  9  h  after  the  squall  line  arrives. 
Increases  in  surface  fluxes  in  the  disturbed  tropical 
marine  boundary  layer  have  been  described  by  Aspliden 
(1976),  but  he  was  unable  to  see  such  detail  in  the 
cumulonimbus  outflows. 

Fig.  2,  with  the  radiosonde  profile  overlays,  clearly 
shows  that  the  dark,  horizontally  layered  structures 
undulating  between  100  and  400  m  on  the  facsimile 
correspond  to  temperature  inversions  and  moisture 
changes.  As  Echternacht  and  Garstang  (1976),  Zipser 
(1977)  and  Houze  (1977)  have  pointed  out,  the  real 
significance  of  the  resultant  stable  stratification  was 
that  little  or  none  of  the  surface  sensible  or  latent 
heat  was  transferred  through  the  inversion  which  in 
this  case  persisted  until  about  2400.  Because  con- 
tinuous temperature  and  moisture  profiles  were  not 
available  during  GATE,  the  acoustic  sounder  facsimile 
records  provided  the  only  reliable  indication  of  the 
appearance  and  temporal  extent  of  disturbance-induced 
low-level  inversions. 

Fig.  8  shows  an  example  of  facsimiles  with  hum- 
mocky  echoes.   In  this  figure   we  have  plotted  two 


time  series  of  Doppler-derived  vertical  velocity,  w,  at 
141  m  (plume  level)  and  466  m  (hummock  level). 
These  data  were  processed  by  a  30  s  running  low- 
pass  filter.  Maximum  w  within  the  plumes  was  close 
to  0.7  m  s_1.  Because  of  the  increased  buoyancy 
produced  by  condensational  heating,  peak  velocities 
approached  1.0  m  s_1  within  the  hummocks.  The 
dotted  segments  within  the  w  time  series  in  Fig.  8 
indicate  unreliable  data  due  to  low  acoustic  signal-to- 
noise  ratios.  When  hummocky  echoes  appeared  at  the 
top  of  the  mixed  layer,  th,e  surface  layer  air  was 
slightly  cooler  and  closer  to  saturation  than  when  no 
hummocks  were  present.  This  conclusion  is  shown 
indirectly  by  comparing  the  fluxes  between  Figs.  6 
and  8  and  referring  to  the  three  equations  given  earlier. 

b.  The  rate  of  dissipation  of  turbulent  kinetic  energy 

The  rate  of  turbulent  energy  dissipation  e  can  be 
calculated  using  vertical  differencing  of  acoustically 
determined  vertical  velocities,  w.  Assuming  that  the 
fluctuations  of  interest  lie  within  the  inertial  subrange, 
Tatarskii  (1971)  obtained  the  following  relation  for  e: 


3D  (Az) 
8(Az)*' 


(4) 


Here  Az  is  the  height  increment  and  D(Az)  is  the 
vertical  velocity  structure  function 


Z>(Az)  =  [w(zi)  -w(zi+ Az)]2, 


(5) 


where  Z\  is  a  given  height  level,  and  the  overbar 
indicates  a  time  average.  The  carets  on  the  vertical 
velocities  in  Eq.  (5)  are  to  remind  us  that  they  are 
volume  averages  corresponding  to  the  nearly  cylin- 
drical-shaped scattering  volumes  interrogated  by  the 
acoustic  sounder.  The  volume  dimensions  are  about 
30  m  high  and  30  m  in  diameter,  increasing  in  diame- 
ter with  height.  It  should  be  noted  that,  in  order 
to  calculate  e  from  the  structure  function,  Az/z<<Cl 
must  hold.  With  Az  =  35  m  in  our  case,  this  require- 
ment is  not  satisfied  at  the  lower  levels  of  the  cal- 
culations; this  results  in  a  tendency  to  severely  under- 
estimate the  calculated  e  values  below  200  m.  Because 
of  this  limitation  and  the  decreased  signal-to-noise 
ratios  above  about  400  m,  the  e  values  to  be  presented 
are  averages  between   200  and   400  m  where  other 


Table  1.  Rate  of  dissipation  of  turbulent  kinetic  energy  e 
stratified  according  to  mixed-layer  characteristics  and  averaged 
in  height  between  200  and  400  m  and  in  time  for  1  h. 


Date 


Time  (GMT) 


Mixed-layer  characteristics        t  (m2  s  *) 


16  September  0300-0400 
9  September  1630-1730 
4  August  0400-0500 


Plumes  only  (suppressed)  9.4X10"* 

Isolated  cumulonimbus  outflow    3.8  X10"4 
Hummocks  (low-level  cumuli)      2.1X10"' 
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investigators  (e.g.,  Pennell  and  LeMone,  1974)  have 
found  e  to  be  nearly  constant. 

Table  1  shows  hourly  averaged  *  for  three  cases 
similar  to  those  discussed  previously.  The  outflow  of 
9  September  was  generated  by  an  isolated  cumulo- 
nimbus and  created  much  less  rain  noise  than  that 
indicated  in  Figs.  2  and  7  so  that  reliable  acoustic 
Doppler  calculations  could  be  made.  The  hummocks 
of  August  4  provided  stronger  and  more  continuous 
backscatter  than  did  the  case  presented  in  Fig.  8. 

An  interesting  result  in  Table  1  is  the  considerably 
larger  value  of  e  below  and  within  the  lower  portion 
of  the  hummocks  compared  with  e  in  the  suppressed 
case.  A  likely  explanation  is  that  the  more  vigorous 
plumes  overshot  the  stable  stratification  underneath 
the  hummocks  and  the  resultant  vertical  accelerations 
within  the  hummocks  caused  larger  vertical  differences 
in  w  and  therefore  larger  energy  dissipation. 

The  e  values  in  Table  1  are  smaller  than  those 
found  by  Gaynor  (1977)  who  used  a  similar  Doppler- 
differencing  method  to  compare  acoustically  deter- 
mined e  with  those  calculated  from  nearby  meteoro- 
logical tower  wind  data  over  dry  prairie  land.  He 
found  that  e  averaged  1 X 10-2  m2  s~3  (and  was  nearly 
constant  with  height  in  agreement  with  the  results 
of  Lenschow,  1974)  for  a  free  convective  boundary 
layer.  The  e  values  obtained  by  Pennell  and  LeMone 
(1974)  for  suppressed  conditions  are  in  good  agree- 
ment (within  a  factor  of  2)  with  the  corresponding 
e  value  listed  in  Table  1.  However,  Merceret's  (1976) 
e  values,  evaluated  during  GATE  at  150  m  height 
using  airborne  hot-film  anemometers,  are  only  about 
one- tenth  as  large  as  those  given  in  Table  1.  There 
are  three  likely  reasons  for  this  discrepancy.  First, 
the  background  noise  aboard  the  Oceanographer  may 
bias  some  of  the  acoustically  derived  e  data  to  larger 
values.  Second,  Merceret's  data  were  recorded  in  the 
vicinity  of  a  "dry  hole"  (a  region  of  dry  and  probably 
subsiding  air)  within  which  the  magnitude  of  the 
mechanical  turbulence  was  considerably  less  than  in 
the  examples  given  here.  Third,  calculations  of  «  from 
vertical  velocity  spectra  derived  from  gust  probe 
measurements  aboard  the  same  aircraft  and  recorded 
at  the  same  times  as  Merceret's  data  indicate  larger 
values  (by  a  factor  of  2)  than  those  he  obtained  from 
the  hot-film  anemometer. 

4.  Conclusions 

We  have  shown  that  many  of  the  dynamical  aspects 
of  the  tropical  marine  boundary  layer  can  be  iden- 
tified and  analyzed  using  the  acoustic  sounder  as 
a  tool.  Although  acoustic  waves  backscatter  from 
very  small-scale  turbulence,  this  turbulence  outlines 
changes  in  moisture  and  temperature  associated  with 
much  larger  scale  organized  activity.  Using  Doppler- 
derived  vertical  velocities  along  with  in  situ  meteoro- 


logical data,  we  have  identified  some  of  the  detailed 
characteristics  of  the  structures  seen  with  the  sounder. 

Surface  fluxes  and  the  new  dimension  of  e  from 
Doppler-differencing  techniques  have  been  used  as 
tools  for  analyzing  structures  shown  on  the  acoustic 
facsimiles  within  the  mixed  and  lower  cloud  layers. 
Detailed  case  studies  using  this  information  and,  if 
possible,  BLIS  fluxes,  or  inferred  fluxes  at  higher 
levels  near  the  top  of  the  mixed  layer  and  lower 
cloud  layer,  must  still  be  completed.  The  calculated 
flux  profiles  will  have  to  be  related  to  synoptic-scale 
features  and  generalized  for  the  various  cases  to  be 
meaningful  as  a  parametric  tool. 

A  question  which  has  been  addressed  but  not 
answered  here  must  be  dealt  with :  How  important 
are  the  moisture  fluctuations  and  co-fluctuations  of 
moisture  and  temperature  to  acoustic  scatter?  The 
answer  is  important  not  only  to  acoustic  scattering 
theory,  but  also  to  the  understanding  of  boundary 
layer  turbulence  over  warm  oceans. 

Work  is  continuing  on  the  problems  mentioned 
above  using  all  the  in  situ  data  obtained  on  the 
Oceanographer  during  GATE  and  aircraft  data  for 
turbulence  measurements.  We  plan  to  report  on  the 
results  in  the  near  future. 
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1.        INTRODUCTION 

Although  the  feasibility  of  quantita- 
tive acoustic  echo  interpretation  has  been 
demonstrated,  most  acoustic  sounders  record 
data  only  on  facsimile  machines;  the  darkening 
of  the  facsimile  record  is  related  qualitatively 
to  the  intensity  of  the  scattered  sound.  The 
patterns  of  atmospheric  turbulence  versus  time 
so  displayed  can  tell  the  experienced  observer 
much  about  the  state  of  the  atmosphere,  and 
much  more  can  be  extracted  when  additional 
meteorological  observations  are  made  in  conjunc- 
tion with  the  facsimile. 

A  paper  comparing  the  typical  facsimile 
record  appearance  with  in  situ  measurements  of 
temperature,  humidity,  and  wind  has  been  pub- 
lished by  Estival  and  Aubry  (1976) .  They  used  a 
tethered  balloon  for  the  in  situ  measurements, 
and  documented  the  general  enhancement  of  wind 
shear  in  elevated  layers  along  with  the  usually 
slight  temperature  stability  in  elevated  shear 
layers.   The  usual  explanation,  that  the  gradient 
Richardson  number  within  portions  of  the  layers 
is  small  enough  to  cause  the  turbulent  mixing,  is 
not  contradicted  by  that  paper.   However,  we 
clearly  need  to  obtain  more  highly  resolved 
turbulence  data  in  both  ground  based  shear  layers 
and  in  elevated  layers,  along  with  measures  of 
the  intermittency  of  this  turbulence,  to  be 
absolutely  sure  that  this  interpretation  is 
correct. 

In  a  pioneering  effort  to  bring  some 
order  out  of  the  chaos  of  the  diversity  of 
facsimile  record  patterns,  Clark  and  Bendun 

(1974)  proposed  a  numerical  classification 
scheme.   Briefly  their  pattern  types  are  char- 
acterized as  follows: 

Type  0  -  Noisy  record  or  no  structure 
visible. 

Types  1-5  Ground  based  shear  layers  of 
increasing  depth  and  showing  some 
horizontal  stratification  for  the  types 
4  and  5. 

Types  6-10  Ground  based  shear  layers 
with  complex,  separated  elevated  bands, 
descending  with  time  in  the  types 
9  §  10. 

Types  11  §  12  Ground-based  shear  layers 
with  additional  elevated  layers  rising 
with  time. 

Type  13  Convective  plumes. 

In  a  similar  manner,  Fukushima  et  al. 

(1975)  devised  a  pictorial  scheme  in  which 
monthly  summary  charts  of  facsimile  patterns 


are  characterized  by  alphabetic  symbols  for 
wind,  precipitation  noise,  or  equipment  problems; 
stratified  returns  are  shown  by  thick  solid 
lines  giving  some  indication  of  the  structure 
and  appearance  in  the  facsimile  charts;  and 
vertical  accent  symbols  are  used  to  characterize 
convective  thermal  plumes.   In  a  brief  survey 
paper,  Thomson  (1975)  has  provided  references 
to  papers  treating  these  various  classes  of 
facsimile  records. 

It  seems  desirable  however,  to  develop 
a  classification  scheme  with  descriptors  that 
indicate  the  state  of  the  atmosphere.  Enough  is 
now  understood  about  why  characteristic  facsimile 
patterns  develop  to  allow  this  kind  of  classifi- 
cation. 

2.        PROPOSED  CLASSIFICATIONS 

Let  us  consider  first  the  stably 
stratified  atmosphere.  The  fundamental  echo 
structure  here  is  the  Ground  Based  Shear  Layer 
(GBSL)  shown  in  Fig.  1.   Such  layers,  measuring 
from  a  few  tens  of  meters  to  several  hundred 
meters  thick,  show  as  featureless  black  bands 
when  the  facsimile  chart  is  compressed  in  time, 
but  they  will  show  distinct,  sloping,  turbulent 
wave  patterns  when  the  record  is  stretched  out. 


SOUTH   POLE 


ISI-, 


3300 
33  JAN   7S 


Figure  1.     A  typical  Ground  Based  Shear  Layer 
(GBSL  facsimile). 

Such  echoes  develop  when  significant  wind  shear 
occurs  across  the  ground  based  stable  layer. 
When  this  echo  appears  alone  the  facsimile  can 
be  classified  GBSL,  followed  by  the  depth  of 
the  layer  in  meters.  The  classification  can  be 
further  modified  by  the  adjective  "thickening" 
or  "pinching"  (T,  P)  if  the  layer  depth  is 
increasing  with  time  or  decreasing  with  time. 

When  strong,  low- level  jets  or  wind 
sheets  occur  within  the  lower  stably  stratified 
region,  the  GBSL  may  present  a  divided  appearance. 
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On  stretching  out  such  a  facsimile  record,  the 
turbulent  waves  will  be  found  to  slope  in 
opposite  directions  away  from  the  clear,  bi- 
furcating region.   This  pattern  represents  a 
modification  of  the  simple  shear  layer,  so  it 
is  suggested  that  the  letter  B  be  appended  as 
an  adjective  to  GBSL  when  the  bifurcation 
appears.   Under  the  strong  wind  conditions  when 
the  GBSL  is  broken  into  intermittent  bursts, 
the  suffix,  I,  may  be  appended  to  the  descriptor. 

The  GBSL  classification  may  be 
modified  when  separated  layers  aloft  occur  on 
the  facsimile  record.   When  such  layers  are 
clearly  not  directly  associated  with  the  GBSL 
(as  in  the  bifurcated  pattern)  it  is  suggested 
that  EL  (elevated  layers  aloft)  be  appended 
to  the  GBSL  designation.   In  addition,  the  ad- 
jectives "ascending"  or  "descending"  may  be 
appended  to  the  EL  modifier  since  the  appear- 
ance of  these  layers  may  be  important  in  de- 
picting mesoscale  subsidence  or  convergence 
above  the  GBSL. 

A  second  general  category  of  the 
stably  stratified  atmospheric  echoes  involves 
layers  separated  from  the  surface,  multiple 
layers,  or  density  currents.   When  a  single 
elevated  shear  layer  (perhaps  quite  similar  to 
the  GBSL  but  clearly  separated  from  the  surface) 
is  observed  it  can  be  classified  as  an  elevated 
shear  layer  (ESL)  followed  by  the  elevation 
in  meters,  or  for  thick  layers,  the  elevation 
range.   When  the  layer  is  known  to  correspond 
with  a  stratus  top  this  designation  may  be 
appended  to  the  descriptor. 

Under  low  wind  conditions,  the  appear- 
ance of  multiple,  decoupled  layers  may  occur  as 
shown  in  Fig.  2.   It  is  suggested  that  these  be 
simply  identified  as  multiple  layers  (ML) 
with  the  range  in  elevation  appended.   Such 
additional  descriptors  as  undulating  (U)  may 
be  appended  when  wave  amplitude  in  the  layers 
significantly  exceeds  layer  thickness.   In 
addition,  when  complex  breaking  wave,  descending, 
ascending,  or  interleaf ed  layers  appear  it  "is 
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Figure   2.      The  Multiple  Layer   (ML)   type  echoy 
also  Complex  (C). 


suggested  that  the  ML  pattern  be  described 
as  complex  (C) ,  this  being  indicative  of  signi- 
ficant changes  occurring  in  the  elevated  patterns 
but  probably  associated  with  rather  low  kinetic 
energies,  for  otherwise  the  patterns  would  not 
be  separately  discerned  and  decoupled. 

Density  currents,  be  they  caused  by 
synoptic  or  mesoscale  fronts,  cool  outflows  from 
storms,  or  katabatic  winds,  may  be  described  as 
DC.  These  are  transient  events,  which  will 
probably  decay  into  one  or  another  of  the  pre- 
ceding designations  after  an  hour  or  so.  A 
source  descriptor  can  be  appended  when  the  cause 
of  the  density  current  echo  is  known.   When 
breaking  waves  appear  within  the  current,  as 
exemplified  by  Fig.  3,  that  appearance  also  seems 
dynamically  significant  enough  to  merit  an  append- 
ing descriptor,  BW. 
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Figure  3.     A  Density  Current  (DC)  pattern, 
with  Breaking  Waves   (BW). 


When  we  come  to  the  convectively  un- 
stable atmosphere,  the  convective  plume  (CP) 
will  be  the  typical  echo.  An  example  is  shown 
in  Fig.  4.   It  may  be  desirable  to  append  to 
the  CP  designation  the  height  to  which  the 
plumes  can  be  observed. 
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Figure  4.      Convective  Plume   (CP)  echoes. 


Often  combinations  of  the  above  de- 
scriptors will  occur  on  a  single  facsimile  record. 
It  is  suggested  that  the  classifications  pro- 
vided can  be  used  in  sequence  progressing  upward 
from  the  surface  to  describe  the  features  de- 
picted.  For  example,  in  Fig.  5  we  find  con- 
vective plumes  capped  by  an  elevated  shear  layer; 
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Figure  5.      Conveative  Plumes  capped  by  an 
Elevated  Layer,  Ascending  (CP,   EL,  A). 


the  classification  for  this  record  would  be 

CP  ESL  with  the  additional  qualifier  "ascending" 

applied  to  the  elevated  layer. 

3.        USE  OF  DESCRIPTORS 


Figure  6.     A  multiple  classification  record, 
(GBSL,    60,   ML  300-600,    U)   changing  to 
(CP,    150,   EL  300,    U).      Here  V  stands  for 
Undulations. 


It  is  believed  that  the  descriptors 
suggested  above  can  be  made  to  fit  any  facsi- 
mile record.  When  an  acoustic  sounder  is  being 
used  to  obtain  a  climatology  of  the  planetary 
boundary  layer,  tables  of  descriptors  and 
appropriate  heights  for  each  hour  (or  possibly 
somewhat  longer)  can  be  assembled,  thus  providing 
a  semi-quantitative  record  of  what  the  boundary 
layer  is  doing  at  a  particular  site.   Schubert 
(1975)  gives  examples  of  such  climatological 
record  use  at  two  sites  in  the  eastern  United 
States.   In  any  tabular  classification  of  boundary 
layer  structure  it  is  almost  essential  to  have 
a  remarks  column  for  further  explanation  of 
unusual  events,  such  as  the  mesoscale  or  occluded 
synoptic  scale  fronts  described  by  Parry  et  al. 
(1975). 

It  is  possible  that  all  of  the  above 
classes  of  echoes  can  occur  within  a  few  hours 
on  a  single  facsimile  record.   This  is  nearly 
the  case  in  Fig.  6  which  begins  with  a  ground- 
based  shear  layer  that  separates  on  the  arrival 
of  colder  air  (here  over  the  Antarctic  ice  cap) . 
The  convective  plumes  result  from  cold  air 
overlying  a  warmer  surface  while  the  multiple 
layers  aloft  represent  shear  interfaces  asso- 
ciated with  the  cold  front. 

We  have  found  that  all  of  the  descrip- 
tors given  above  can  be  made  to  fit  onto  a  single 
IBM  card  together  with  numerical  notations  of 
the  heights  of  the  layer.   By  coding  the  fac- 
simile records  in  this  manner  it  is  possible  to 
assemble  much  information  on  the  climatology  of 
the  planetary  boundary  layer  at  the  site  under 
investigation.   Then  such  questions  can  be 
asked:   What  is  the  typical  depth  of  the  noctur- 
nal surface-based  inversion?  How  quickly  do 
convective  plumes  erode  the  inversion  in  the 
morning?  How  often  do  density  currents  modify 
the  cooling  rate  under  nocturnal  conditions? 
When  these  climatological  data  are  combined  with 
surface  observations  of  temperature  and  wind, 
the  mesoscale  meteorologist  can  confidently 
describe  boundary  layer  characteristics  to  his 
associates  in  agricultural  meteorology,  air 


pollution  monitoring,  or  airport  terminal  fore- 
casting disciplines  with  a  high  degree  of  con- 
fidence in  the  correctness  of  his  analyses. 


4. 
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ABSTRACT 

Data  from  a  boundary :layer  experiment  conducted  over  a  flat,  uniform  site  in  Minnesota  provide  a  clue 
to  the  behavior  of  the  low-frequency  peak  in  surface-layer  horizontal  velocity  spectra.  This  portion  of 
the  spectra  shows  systematic  behavior  only  when  plotted  in  dimensionless  coordinates  appropriate  to  the 
mixed  layer,  whereas  the  inertial  subrange  frequencies  follow  Monin-Obukhov  similarity.  Based  on  this 
observation,  interpolation  formulas  for  both  the  longitudinal  and  the  lateral  velocity  components  are 
derived.  The  expressions  involve  the  boundary-layer  depth  in  addition  to  the  usual  surface-layer  parameters. 


1.  Introduction 

A  fairly  complete  understanding  of  the  spectral  and 
cospectral  behavior  of  turbulence  in  atmospheric 
boundary  layers  has  emerged  from  observational 
studies1  conducted  by  various  investigators  over  the 
last  two  decades.  The  1968  AFCRL  experiment  in 
Kansas  (Kaimal  et  al.,  1972)  showed  that  the  spectra 
of  wind  and  temperature,  in  general,  follow  Monin- 
Obukhov  similarity  within  the  surface  layer.2  It  was 
observed  that  spectra  from  different  heights  and 
stabilities,  when  plotted  in  dimensionless  surface  layer 
coordinates,  tend  to  arrange  themselves  according  to 
the  dimensionless  length  scale  z/L,  where  z  is  the 
height  above  ground  and  L  the  Obukhov  length  as 
normally  defined.  The  notable  exceptions  were  the 
energy-containing  regions  of  the  horizontal  velocity 
components  u  and  v  in  unstable  air  (z/L<0).  The 
low-frequency  portion  of  these  spectra  followed  no 
particular  order  as  they  spread  over  a  wide  area  on 
the  plots.  The  w  (vertical  velocity)  spectra,  on  the 
other  hand,  showed  an  orderly  progression  of  the 
spectral  peak  and  the  low-frequency  roll-off  with  z/L. 
This  behavior  implied  that  some  length  scale  other 
than  z  controlled  low-frequency  spectral  behavior  in 
the  horizontal  components. 

Actual  evidence  of  such  a  length  scale  was  found 
in  spectra  obtained  from  the  1973  AFCRL/MRU3 
boundary-layer  experiment  in  northwestern  Minnesota. 
The    data    showed    the    wavelength    of    the    spectral 


1  For  surveys  of  these  studies  see  Busch  and  Panofsky  (1968), 
Busch  (1973)  and  Panofsky  (1974). 

2  In  this  paper,  the  terms  "surface  layer"  and  "mixed  layer" 
are  used  in  reference  to  the  constant  flux  layer  and  the  layer 
of  near-zero  wind  and  potential  gradients  above  it  (Kaimal 
el  al.,  1976),  respectively. 

3  Meteorological  Research  Unit,  RAF  Cardington,  U.K. 


maximum  in  u  and  v  to  be  virtually  invariant  with 
height  but  varying  with  z„  the  depth  of  the  con- 
vective  boundary  layer  (Kaimal  et  al.,  1976).  The 
data  also  showed  that  velocity  spectra  (u,  v,  w)  from 
heights  z>0.1zi  can  be  generalized  within  the  frame- 
work of  a  similarity  relationship  appropriate  to  the 
mixed  layer,  where  Zi  is  the  only  length  scale,  and 
the  surface  friction  velocity  «*,  a  critical  parameter 
in  the  surface  layer,  has  little  effect. 

The  evidence  from  the  Kansas  and  Minnesota  ex- 
periments points  to  a  horizontal  velocity  field  that 
follows  different  similarity  laws  in  different  regions  of 
the  spectral  range  in  the  surface  layer.  The  objective 
of  this  paper  is  to  develop  a  general  framework  within 
which  the  behavior  of  u  and  v  over  the  entire  spectral 
range  can  be  expressed. 

2.  Broad  features  of  surface-layer  spectra 

The  significant  aspects  of  spectral  behavior  in  the 
surface  layer  can  be  identified  in  the  plots  of  Fig.  1. 
The  inertial  subrange  intensity  in  u  falls  off  rapidly 
with  height  and  approaches  a  nearly  constant  value 
in  the  mixed  layer  (zi>z>0.1Zj).  This  constant  value 
corresponds  to  a  turbulent  dissipation  rate  e  roughly 
one-half  the  buoyant  production  rate  at  the  surface 
(Qog/T)  in  an  undisturbed  convective  boundary  layer 
(Lenschow,  1974 ;  Pennell  and  LeMone,  1974 ;  Kaimal 
et  al.,  1976).  The  low-frequency  peak  at  wavelength 
\~1.5zi  seems  unaffected  by  the  variations  in  the 
inertial  subrange.  The  v  spectrum  resembles  u  in  its 
low-frequency  behavior,  but  tends  to  maintain  an 
inertial  subrange  value  approximately  f  higher  than  u, 
consistent  with  the  requirement  for  isotropy.  The  same 
relationship  is  maintained  in  the  w  spectrum  within 
the  inertial  subrange  (see  Fig.  1),  but  the  resemblance 
between  v  and  w  ends  here  as  w  reaches  its  maximum 
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value  within  a  decade  of  X  =  z  and  rolls  off  at  a  rapid 
rate.  The  v  spectrum  can  therefore  be  viewed  as 
straddling  u  and  w  at  either  end  of  the  plot,  following 
the  u  spectrum  at  wavelengths  on  the  order  of  z, 
and  the  w  spectrum  at  wavelengths  less  than  z,  as 
shown  in  Fig.  2. 

For  convenience,  the  spectral  range  will  be  divided 
into  three  regions:  region  1,  where  the  spectrum  falls 
off  as  n~513  in  accordance  with  the  power  law  pre- 
dicted for  the  inertial  subrange;  region  2,  which  is 
a  transition  between  regions  1  and  3 ;  and  region  3, 
where  the  spectrum  shows  little  if  any  variation  with 
height.  The  u  and  v  spectra  behave  differently  in  the 
transition  region.  While  a  straight-line  approximation 
is  a  good  one  for  u,  the  v  spectrum  is  more  complicated 
with  an  inflection  point  at  approximately  the  fre- 
quency at  which  w  reaches  a  maximum.  The  low- 
frequency  side  of  the  w  spectra  seems  to  behave 
entirely  independently  of  u  and  v  in  the  surface  layer, 
varying  only  as  a  function  of  z/L  (see  Fig.  2).  In  the 
following  sections,  the  surface  layer  u  and  v  spectra 
from  the  Minnesota  experiment  will  be  examined  for 
empirical  relationships  describing  spectral  behavior  in 
each  of  the  three  regions. 

3.  Description  of  data  set 

The  runs  selected  for  this  study  are  the  11  runs 
used  by  Kaimal  et  al.  (1976)  for  analysis  of  mixed- 
layer  spectra.  A  summary  of  the  mean  profiles,  vari- 
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Fig.  1.  Typical  u,  v  and  w  spectra  in  the  boundary  layer. 
Note  the  decrease  in  the  inertial  subrange  levels  with  height 
and  the  approach  of  u  to  a  limiting  form  above  the  surface  layer. 
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Fig.  2.  The  spectra  of  w  and  v  from  Run  3A1  (upper  plot) 
showing  the  frequency  range  separated  into  three  regions  ac- 
cording to  scaling  laws  obeyed  in  each.  Regions  1  and  3  scale 
with  2  and  z,-,  respectively,  whereas  region  2  provides  the  transi- 
tion between  the  two.  The  w  spectrum  shows  no  such  separation. 
The  composite  plot  of  all  4  and  32  m  w  spectra  (lower  plot) 
suggests  that  a  single  curve  may  be  used  to  approximate  the 
shape  of  w  over  a  wide  range  of  z/L  values. 


ances  and  fluxes  for  those  periods  can  be  found  in 
the  data  report  by  Izumi  and  Caughey  (1976).  Readings 
et  al.  (1974)  described  the  site  and  the  instrumenta- 
tion used  in  the  experiment.  The  spectra  used  here 
were  obtained  from  three-axis  sonic  anemometer  mea- 
surements at  4  and  32  m.  Procedures  used  for  com- 
puting spectra  were  described  by  Kaimal  et  al.  (1976). 
The  spectra  were  subjected  to  minor  smoothing  by 
eye  to  average  out  the  peaks  and  valleys  near  that 
low-frequency  end.  A  wide  range  of  z/L  and  z>/L 
values  are  covered  in  the  22  spectra  examined  here. 
Parameters  relevant  to  this  study  are  listed  in  Table  1. 
Definitions  of  the  symbols  are  given  in  the  Appendix. 

4.  Development  of  empirical  forms 

Expressions  for  spectra  in  regions  1  and  3  are  easily 
derived  from  the  results  of  earlier  studies.  The  for- 
mulations for  region  2,  however,  present  some  dif- 
ficulties. The  transition  from  surface-layer  to  mixed- 
layer  coordinates  has  to  be  accomplished  while 
retaining  the  essential  characteristics  of  the  two 
spectra  including  the  crossover  between  u  and  v 
(see  Fig.  2).  No  simple  solution  exists,  but  an  ap- 
proximation to  the  spectral  shapes  can  be  achieved  by 
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Table  1.  Dimensionless  parameters  for  selected  runs. 


Run 

z(m) 

-z/L 

*.« 

-Zi/L 

<rn2/u*2 

2A1 

4 

0.10 

0.87 

30.0 

9.66 

32 

0.77 

1.29 

30.0 

8.93 

2A2 

4 

0.11 

0.92 

42.5 

9.16 

32 

0.84 

1.29 

42.5 

8.02 

3A1 

4 

0.17 

1.21 

96.3 

15.47 

32 

1.33 

1.80 

96.3 

16.64 

3A2 

4 

0.16 

1.25 

94.7 

14.06 

32 

1.32 

1.65 

94.7 

13.76 

5A1 

4 

0.56 

1.56 

152.8 

17.35 

32 

4.50 

3.13 

152.8 

16.25 

6A1 

4 

0.70 

1.75 

367.5 

34.75 

32 

5.61 

3.51 

367.5 

33.68 

6A2 

4 

0.63 

1.73 

318.0 

34.42 

32 

5.00 

3.40 

318.0 

31.35 

6B1 

4 

0.18 

1.14 

104.0 

15.15 

32 

1.41 

1.90 

104.0 

16.00 

7C1 

4 

0.46 

1.35 

115.9 

21.77 

32 

3.64 

2.49 

115.9 

20.13 

7C2 

4 

0.31 

1.15 

79.4 

16.67 

32 

2.44 

2.04 

79.4 

15.33 

7D1 

4 

0.30 

1.29 

90.7 

19.03 

32 

2.37 

2.37 

90.7 

19.35 

assuming  a  power  law  for  the  spectrum  and  adjusting 
the  upper  and  lower  limits  of  region  2. 

For  region  1  we  will  use  the  expressions  derived  by 
Kaimal  et  al.  (1972)  from  the  Kansas  spectra: 


nSu  (n) 


Oil 


u*W      (2irk)S 
nSv(n)     4nSu(n) 


/-3~0.3M 


=  0.4/" 


(1) 


(2) 


where  <\>t  is  a  dimensionless  dissipation  rate  ( =  kzt/u^) 
and  /  is  the  dimensionless  frequency  (  =  nz/U).  The 
approximation  used  for  the  coefficient  ai(2irk)*  fits 
the  range  of  values  generally  used4  for  «i  and  k. 

According  to  Monin-Obukhov  similarity,  <f>t  should 
be  a  function  only  of  z/L.  The  validity  of  this  pre- 
diction is  reaffirmed  in  Fig.  3  where  the  relationship 
is  approximated  by 


<k*  =  1+0.75 1  z/L  |*. 


(3) 


This  formula  is  similar  to  the  derived  from  the  Kansas 
data,  except  for  the  larger  coefficient.  The  Kansas 
relationship,  obtained  over  a  narrower  —z/L  range 
(0  to  2.0),  was  1+0.5 1  z/L  |>. 

The  mixed-layer  u  spectrum  is  the  logical  choice 
for  the  spectral  shape  in  region  3.  The  spectrum  has 
a  simple  functional  form  and  furthermore  would  serve 
as  the  limiting  shape  for  the  u  spectrum  as  z  extends 


4  A  combination  of  «i  =  0.5  and  6  =  0.35  (used  with  the  Kansas 
data)  or  ai  =  0.52  and  6  =  0.4  yield  the  same  value  for  the  coeffi- 
cient. This  interrelationship  between  ai  and  k  is  merely  an 
accident  of  the  spectral  normalization  used  in  (1). 


into  the  mixed  layer.  The  frequency-weighted  spec- 
trum, when  normalized  by  the  variance  in  u  to  remove 
run-to-run  variations  in  the  spectral  level,  assumes 
the  form 


nSu  O) 


/. 


(4) 


aj         1+3.1/,5'3 

where  /,  is  the  dimensionless  frequency  (  =  nZi/U) 
appropriate  to  the  mixed  layer.  The  expression  on 
the  right  satisfies  several  requirements:  it  falls  off  as 
f~~l  at  large  /,'s,  peaks  at  a  wavelength  roughly  1.5 
times  the  boundary  layer  depth  as  observed  by  Kaimal 
et  al.  (1976),  and  integrates  to  unity  when  divided  by/*. 
With  nSu{n)=f,Su{fi)  we  have 


f 

Jo 


Su(fi) 


-dfi^l  = 


dfi 


l+3.1/t5/3 

Since  o-„2=a-„2,  the  average  of  the  two,  denoted  by  o-//2, 
will  be  used  in  the  formulas  for  region  3,  i.e., 


nSu{n)     nSv(n) 


fi 


o-//' 


aH2        1+3.1  f^" 


(5) 


Normalizing  by  aH%  permits  conversion  of  (5)  to 
sui  face-layer  coordinates  through  the  empirical  rela- 
tionship (see  Fig.  3)  suggested  by  Panofsky  et  al. 
(1977): 

«■«/«*  =  (12+0.5 1  z^/Z.  |  )*.  (6) 

Figs.  4  and  5  show  how   (1),    (2)  and   (5)  fit  the 
data  and  where  the  limits  of  regions  1  and  3  might  be. 


-ZiA 
Fig.  3.  Dimensionless  plots  of  turbulence  dissipation  rate  and 
horizontal  velocity  variance  approximated  by  relationships  in  (3) 
and  (6),  respectively. 
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Fig.  4.  Composite  plots  of  the  upper  and  lower  ends  of  the  u  spectra  showing  fit  with 
empirical  formulations  for  regions  1  and  3. 


In  the  absence  of  independent  e  measurements,  all 
spectra  have  been  constrained  to  fall  on  a  single  line 
in  the  inertial  subrange,  consistent  with  (1)  and  (2). 
The  «  spectra  depart  from  this  line  at  approximately 
/=0.5,  whereas  the  v  spectra  begin  to  deviate  an 
octave  higher,  at  around /=  1.0.  On  the  low-frequency 
side  the  data  points  can  be  seen  following  (5)  over 
different  ranges  on  the  ft  scale.  For  u  and  v  the  high- 
frequency  limits  are  approximately  1.5  and  4.0, 
respectively. 

These  limits  can  now  be  used  to  define  the  upper 
and  lower  limits  for  region  2.  The  simplest  approxi- 
mation to  the  spectral  shape  in  this  region  is  a  straight 
line  interpolation  on  the  full  logarithmic  plot,  i.e., 
a  power  law  satisfying  the  requirement  for  continuity 
at  the  end  points.  If  —  p  and  —  q  are  the' slopes  for  u 
and  v,  they  can  be  defined  in  terms  of  the  coordinates 
of  the  spectra  on  either  side  (see  Fig.  6). 


Eq.   (5)  can  be  expressed  in  surface  layer  coordi- 
nates as 

nSu{n)     nSv(n)  ABf 


where 


«*V      «*2<kJ     1+3.1  (Bf)^ 
(<W«*)2     (12+0.5  |z</L|)» 


A=- 


4>* 


1+0.75  |2/Z,|* 


(7) 


(8) 


B=Zi/z 

With  A   and  B  thus  defined,   the  expressions  for  p 
and  q  reduce  to 

(ln0.444h 


(lnO.335) 
(lnO.30,4) 


9  = 


(ln0.25£)J 


(9) 


fj    (=  nzj/U)  f   (  =  nz/u) 

Fig.  5.  As  in  Fig.  4  except  for  the  v  spectra. 
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Fig.  6.  Schematic  of  the  spectral  curves  showing  the  end  points  of  spectra  in  region  2  and  the  deriva- 
tion of  spectral  slopes  in  that  region.  A  and  B  are  functions  denned  in  (8). 


The  equations  for  the  u  and  v  spectra  become 
nSu(n) 


nSv(n) 


=  0.48(2/)-", 


■  =  0.40/-«. 


(10) 


(ID 


nSu(n) 
w*2<M 


nSv  (n) 


Combining  the  equations  for  all  three  regions  we  have 
0.3/-*,  A^2z 

« 0.48(2/)-',  0.67z,^A^2z        (12) 

.ABf/[\+SA(Bfyt3~\,  A^0.67z 

'0.4/-*  A^z 

<0Af-»,  0.25z<^A^z         (13) 

^5//[l+3.1(^/)5/3],  A^0.25Zi 

where  A,  B,  p  and  q  are  defined  as  in  (8)  and  (9). 

5.  Evolution  of  the  velocity  spectra  with  height 

Having  developed  the  spectral  forms  for  u  and  v 
in  the  surface  layer  it  is  of  interest  to  see  how  they 
evolve  into  the  mixed-layer  spectra  and  how  their 
evolutions  compare  with  that  of  w.  Kaimal  et  al. 
(1976)  have  shown  that  all  three  components  have 
essentially  the  same  spectral  shape  in  the  mixed  layer. 
The  contrasts  between  them  become  increasingly  ap- 
parent as  one  approaches  the  surface  layer. 

The  composite  plot  of  the  w  spectrum  for  all  11  runs 
used  in  this  study  (see  Fig.  2)  shows  a  fairly  tight 
grouping  of  data  points  in  the  z/L  range  from  —0.7 
to  —5.6.  The  spectra  in  this  range  can  be  approxi- 
mated by 

nSw{n)  0.4/ 

= .  (14) 

uM    (0.11+/)6'3 


It  has  its  maximum  at/ =0.17,  which  is  in  agreement 
with  previous  observations  (Kaimal  et  al.,  1972,  1976), 
and  falls  off  as  0.4/_i  at  large /'s.  The  only  significant 
departure  from  the  data  is  its  more  gradual  approach 
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Fig.  7.  Evolution  of  the  velocity  spectra  with  height  for 
a  hypothetical  run. 


356 


January  1978 


J  .     C.     KA  I  M  AL 


23 


to  the  —  §  slope  than  is  justified  by  the  data.  Spectra 
for  the  less  unstable  runs,  placed  somewhat  lower  in 
Fig.  2  compared  to  the  empirical  curve,  peak  at  a 
higher  frequency  and  have  a  shallower  slope  on  the 
low-frequency  side. 

The  spectral  curves  for  u,  v  and  w  for  typical  values 
of  L=-20  m,  z,  =  1500  m,  £7=7.0  m  s"1  and  m*2 
=  0.1  m2  s-2  are  plotted  in  Fig.  7.  The  only  difference 
between  the  mixed-layer  u  and  v  spectra  is  the  f  ratio 
between  their  inertial  subrange  levels.  The  spectra 
of  w  and  v  have  the  same  form  in  the  mixed  layer, 
but  the  similarity  disappears  as  z  drops  below  0.2zt. 
The  w  spectrum  encounters  a  steady  depletion  of 
energy  on  the  low-frequency  side  as  z  approaches  zero, 
but  no  such  depletion  occurs  in  u  and  v.  Thus,  in  the 
surface  layer,  the  velocity  field  is  essentially  two- 
dimensional  at  low  frequencies  (region  3)  and  becomes 
truly  three-dimensional  at  wavelengths  shorter  than 
the  height  above  ground  (region  1). 

In  plotting  the  curves  in  Fig.  7  some  adjustments 
were  made  to  curves  6,  7  and  8  of  the  v  component 
to  smooth  the  transition  between  regions  1  and  3. 
A  discontinuity  might  otherwise  exist  due  to  the  v 
spectrum  being  higher  by  a  factor  of  ^  compared  to  u. 
The  sharp  corners  not  withstanding,  these  and  the 
other  curves  in  Fig.  7  are  entirely  consistent  with 
spectral  behavior  observed  during  the  Minnesota 
experiment. 

It  should  be  pointed  out  that  the  spectral  behavior 
outlined  here  is  based  on  observations  over  a  flat, 
featureless  terrain.  How  the  behavior  might  be  over 
irregular  terrain  cannot  be  predicted  since  the  inter- 
action between  terrain  length  scales  and  spectral  scales 
is  not  known.  Extensive  data  from  carefully  designed 
experiments  are  needed  to  establish  such  relationships. 
It  is  also  not  clear  if  spectra  in  the  marine  atmosphere 
surface  layer  would  exhibit  the  same  characteristics 
observed  here.  Differences  in  the  organization  of 
large-scale  convection  over  oceans  and  the  changing 
patterns  of  surface  roughness  can  have  significant 
effects  on  the  spectral  shape. 

A  point  not  addressed  so  far  in  this  paper  is  whether 
an  Eulerian  spectrum  can  provide  a  reasonably  ac- 
curate representation  of  the  spatial  field  when  dif- 
ferent regions  of  the  spectrum  are  transported  at 
different  velocities.  Since  the  low-  and  high-frequency 
ends  follow  different  scaling  parameters,  it  is  con- 
ceivable that  their  translation  velocities  are  also  dif- 
ferent. For  example,  if  the  small-scale  eddies  move 
at  some  low  velocity  associated  with  u*  as  observed 
by  Kaimal  (1974),  while  the  large  convection  cells, 
which  extend  through  the  entire  boundary  layer, 
move  at  a  mean  wind  speed  near  their  center  of 
gravity,  the  effect  would  be  to  narrow  the  separation 
between  those  two  scales  in  spectra  constructed  from 
a  point  measurement.  An  aircraft  flying  in  the  surface 
layer  would  find  region  2  to  be  wider  than  in  Eulerian 


spectra  converted  to  spatial  scales  through  the  as- 
sumption of  Taylor's  hypothesis.  How  serious  the 
discrepancy  might  be  cannot  be  determined  without 
simultaneous  aircraft  and  tower  measurements  in  the 
surface  layer.  The  effect  of  a  fluctuating  advection 
velocity  on  spectra  measured  in  an  Eulerian  framework 
has  been  explored  by  Wyngaard  and  Clifford  (1977). 
They  find  the  large-wavenumber  properties  disturbed 
by  the  fluctuations.  Under  typical  conditions  in  the 
atmospheric  boundary  layer  the  effect  is  negligible  in 
the  inertial  subrange,  although  serious  errors  can  be 
expected  at  very  high  frequencies. 

6.  Summary 

The  behavior  of  unstable  surface  layer  u  and  v 
spectra  can  be  generalized  if  different  portions  of  the 
spectra  are  expressed  in  different  similarity  coordinates. 
For  this  purpose  the  spectra  can  be  divided  into 
three  regions:  an  inertial  subrange  region  (X<z),  an 
energy-containing  region  (X>zt)  and  a  transition 
region  (z<X<zt).  The  inertial  subrange  of  both 
spectra  follows  Monin-Obukhov  similarity,  whereas 
their  energy-containing  region  follows  a  mixed-layer 
similarity  where  z,  is  the  only  controlling  4ength  scale. 
Expressions  for  the  horizontal  velocity  spectra  there- 
fore involve  z,  in  addition  to  the  usual  surface-layer 
parameters.  Empirical  forms  for  the  three  velocity 
spectra  are  derived.  The  evolution  of  these  spectra 
with  height  show  how  the  velocity  components  ap- 
proach their  mixed-layer  forms. 
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APPENDIX 
List  of  symbols 

U  mean  wind  speed 

u,  v,  w     fluctuating  wind  components  in  the  longitu- 
dinal, lateral  and  vertical  wind  directions 

T  mean  temperature 

u*  surface  friction  velocity 

Qo  surface  kinematic  heat  flux 

g  acceleration  due  to  gravity 

k  von  Karman's  constant 

z  height  above  ground 

Zi  depth  of  the  convective  boundary  layer 

L  Obukhov  length  [  =  -  u*3/k  (g/  T)Q0] 

n  cyclic  frequency 

X  wavelength  \_~  U/n~\ 

f  dimensionless  frequency  [_  =  nz/U~\ 
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n 

S(n) 

t 

9 


dimensionless  frequency  at  the  spectral  peak 
dimensionless  frequency  [_  =  nZi/U'] 
one-dimensional  spectral  density 
spectral     constant     for     one-dimensional     u 

spectrum 
dissipation  rate  of  turbulent  kinetic  energy 
dimensionless  dissipation  rate  {^  =  kze/u^ 
standard  deviations  of  u  and  v 
horizontal  velocity  variance  Q=  (<ru2~r-<rt>2)/2] 
function  of  z/L  and  Zi/L 
dimensionless  height  [  =  2,-/z] 
spectral  slope  for  u  in  region  2. 
spectral  slope  for  v  in  region  2. 
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DOPPLER  RADAR  MEASUREMENTS  OF  PLUME  DISPERSAL 
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1. 


INTRODUCTION 


Measurement  of  pollutant  concentration 
downwind  of  elevated  point  sources  has  been  of 
considerable  interest  for  some  years.  Studies 
have  centered  on  laboratory  modelling  (e.g. 
Willis  and  Deardorff,  1976)  and  in  situ  surface 
measurements  (e.g.  Islitzer,  1961,  Islitzer  and 
Dumbauld,  1963).  Studies  of  three-dimensional 
pollutant  concentrations  in  plumes  in  the  atmos- 
phere have  been  rare. 

We  present  two  case  studies  of  simu- 
lated pollutant  plumes  from  an  elevated  point 
source.  The  plumes  consisted  of  microwave- 
reflecting  chaff  released  from  atop  a  150  meter 
tower.  This  chaff  was  released  in  a  continuous 
stream  which  lasted  for  about  15  minutes.  We 
report  on  the  results  of  two  releases  at  differ- 
ent times  during  the  same  day.  The  plumes  were 
tracked  by  radar,  allowing  us  to  measure  relative 
chaff  density  as  a  function  of  x,  y,  z  and  t.  In 
addition,  because  the  radar  had  Doppler  capabil- 
ity, we  were  able  to  measure  the  turbulent  kin- 
etic energy  dissipation  rate  within  each  plume. 

2.  DESCRIPTION 

The  150  m  tower  is  located  near  Has- 
well,  Colo.  The  tower  stands  in  the  center  of  a 
shallow  bowl,  approximately  75  m  deep  and  25  km 
in  diameter.  The  vegetation  around  the  site  is 
buffalo  grass  about  15  cm  high. 

The  radar  was  located  7.2  km  from  the 
tower,  at  a  bearing  of  355°.  The  wavelength  of 
the  radar  was  3.2  cm,  and  the  beamwidth  was  0.9°. 
The  sample  pulse  length  was  about  75  m  in  depth, 
and  the  scanning  was  such  that  spacing  between 
radar  pulse-volumes  was  between  100  and  200  m  in 
azimuth,  elevation  and  range. 

3.  CASE  1,  PLUME  6,  MARCH  21,  1974 

The  release  of  a  continuous  stream  of 
chaff  shown  in  figure  1  was  begun  at  0858  local 
standard  time.  The  ambient  temperature  at  the 
surface  was  -3°C,  and  the  wind  was  out  of  200°  at 
4-5  m/s.  Vertical  wind  shear,  as  measured  by  the 
NCAR  boundary  layer  profiler,  was  less  than  .005 
s  1.  The  mixed  layer  height,  as  estimated  from 
acoustic  sounder  records,  and  from  the  extent  of 
vertical  chaff  diffusion,  was  350  m. 

The  plume  was  scanned  for  approximately 
20  min,  until  it  extended  6.5  km  downwind. 
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Figure  1  shows  plan  views  of  verti- 
cally-integrated chaff  concentration  at  the  times 
indicated.  The  contour  is  for  a  value  of  rela- 
tive concentration  just  slightly  above  the  mini- 
mum value  detectable  by  the  radar  (20  units/km2). 
Examination  of  figure  1  shows  considerable  vari- 
ability of  crosswind  width  of  the  plume.  The 
width  can  vary  quite  suddenly,  as  may  be  seen 
particularly  well  by  comparing  scan  3  with  scan 
4,  and  scan  6  with  scan  7.  Because  these  changes 
in  width  occur  sometime  after  the  chaff  has  been 
released  from  the  tower,  we  conclude  that  the 
width  variability  is  not  a  possible  result  of 
clumping  of  chaff  at  the  release  point,  but  is 
rather  due  to  meteorological  effects.  No  large- 
scale  bends  are  seen  in  the  plume,  indicating 
that  the  wind  direction  was  roughly  constant  over 
the  area  during  the  20  min  observation  time. 

Figure  2  shows  downwind  vertical 
sections  of  chaff  concentration  integrated  over 
the  crosswind  plume  direction.  The  location  of 
the  release  point  on  the  tower  is  indicated  by 
the  cross;  the  wind  is  blowing  toward  the  right. 
The  contours  are  drawn  at  intervals  of  56  units/ 
km2,  a  value  of  density  somewhat  above  that  of 
figure  1 . 

The  dashed  contour  is  for  twice  the 
chaff  concentration  of  the  outer  contour.  Thus, 
we  see  evidence  of  a  rather  strong  gradient  of 
intensity  near  the  edges  of  the  plume.  Maximum 
concentrations  in  small  volumes  within  the  plume 
achieve  about  ten  times  the  value  shown  by  the 
solid  contour. 

A  cellular  structure  is  evident  in 
figure  2.  We  attribute  this  to  the  effect  of 
large  convection  cells  on  the  chaff.  Such  plumes 
were  evident  in  simultaneous  acoustic  sounder 
records,  where  they  showed  a  spacing  of  about  1 
km  if  we  can  assume  that  the  cells  are  frozen  in 
space  and  move  at  the  measured  speed  as  shown  in 
a  similar  situation  by  Frisch  et  al.  1975.  This 
is  in  agreement  with  the  spacing  seen  in  figure  2 
between  the  chaff  cells. 

The  vertical  extent  of  the  plume  shows 
that  the  chaff  fills  the  depth  of  the  boundary 
layer  rather  quickly.  Chaff  has  risen  to  350  m 
within  2-3  minutes  after  it  was  released. 

Finally,  in  scan  8,  evidence  of  the 
finite  fall  velocity  of  the  chaff  (~27  cm/sec) 
can  be  seen,  as  the  maximum  and  the  average  depth 
of  the  plume  begin  to  decrease. 
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4.        CASE  2,  PLUME  13,  MARCH  21,  1974 

The  plume  shown  in  figure  3  was  re- 
leased from  17^5  until  1800  local  standard  time. 
The  ambient  temperature  at  the  surface  was  +7°C, 
and  the  wind  was  out  of  147°  at  7  m/s.  The  mixed 
layer  height,  estimated  from  the  vertical  extent 
of  the  chaff  plume  was  1500  m.  The  plume  was 
scanned  for  approximately  20  minutes,  until  it 
had  a  downwind  extent  of  more  than  9  km. 


FiguAe.  2.     CfLOi&wlnd-lntzgmttd  ckoL&h  tonctn- 
tAation  fan.  the.  S  volume,  bcani  ihown  -in 
ilguAe  1. 
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Figure  3  gives  a  plan  view .  of  verti- 
cally-integrated chaff  concentration  between  0  m 
and  800  m.  The  contour  is  drawn  at  23  units/km2. 
As  will  be  seen,  the  plume  often  extended  above 
800  m,  however  these  high  "towers"  always  oc- 
curred above  lower  parts  of  the  plume,  so  that  0- 
800  m  integration  gives  a  reasonable  representa- 
tion of  the  plume's  horizontal  extent. 
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Figure  4  shows  crosswind-integrated 
chaff  concentration  for  the  8  volume  scans  of 
plume  13.  The  contour  is  drawn  at  53  units/km2, 
a  higher  density  than  the  dashed  contour  in 
figure  2.  However,  we  can  see  the  chaff  much 
closer  to  the  release  point  because  of  the  much 
greater  rate  of  vertical  diffusion  for  this  plume 
than  for  plume  6.  Here,  the  cellular  structure 
of  the  plume  is  again  evident.  Particularly  in 
scan  3,  we  can  see  a  region  where  there  is  very 
low  chaff  density  (probably  a  downdraft  that  has 
blown  chaff  to  the  ground)  separating  two  regions 
of  greater  density.  The  cellular  structure 
continues  to  be  evident  as  the  plume  advects 
downwind. 


FiguAe  4.     Croawind- integrated  chafah  concen- 
tration far  the  S  volume  &can&  ihown  in 
figure   3. 


The  vertical  extent  of  updrafts  is 
substantial  in  this  late  afternoon  case;  the 
chaff  is  carried  above  1200  m  within  10  minutes. 

Between  scans  7  and  8  we  can  see 
evidence  of  the  fall  velocity  of  the  chaff.  The 
upper  cloud  has  fallen  from  a  maximum  height  of 
nearly  1300  m  to  1100  m,  and  the  whole  plume 
seems  to  be  settling  rather  uniformly. 

5.        DISCUSSION 

Figure  5  shows  the  height  to  the 
maximum  concentration  of  the  plumes,  expressed  as 
a  fraction  of  the  boundary  layer  thickness, 
versus  time.  The  open  circles  are  numerical 
model  results  of  Deardorff  (1972)  for  a  plume 
from  a  point  source  at  Z/Z.  =  0.1  under  convec- 
tive  conditions.  (Z.  represents  the  boundary 
layer  thickness.)  The  errors  represent  50  m,  the 
approximate  uncertainty  in  our  estimates  of  the 
height  of  the  maximum  concentration. 

The  agreement  between  the  model  and 
plume  13  is  quite  good,  even  though  the  chaff  has 
a  fall  velocity  of  27  cm/sec.  The  effect  of  the 
fall  velocity  of  the  chaff  is  only  seen  appreci- 
ably in  the  last  scan  (as  noted  above). 
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TlguAe   5.  Mean  p£ume  height,   expieAted  cu>  a 
Enaction  o£  the  boundary  layeA  height.     The 
ope.n  CAAcJLeA  one  ^fiom  the  numeKicxUL  calcula- 
tion* fieponted  am  VeaxdoK^   [1972). 

Plume  6  was  released  at  Z/Z.  =  0.43, 
not  the  conditions  of  Deardorff's  model,  hence 
agreement  is  not  to  be  expected.  However,  the 
model  does  indicate  the  time  scale  of  the  ex- 
pected diffusion.  The  model  indicates  that  the 
mean  height  should  approach  Z/Z.  =  .5  by  about  15 
min,  indicating  that  the  plume  should  be  diffused 
uniformly  throughout  the  boundary  layer  by  that 
time.  The  data  show  that  the  maximum  concentra- 
tion approaches  Z/Z.  ~  0.18  after  about  12  min. 
Evidently  in  the  case  of  plume  6,  the  vertical 
mixing  was  not  strong  enough  to  cause  the  chaff 
to  spread  uniformly  through  the  depth  of  the 
boundary  layer,  possibly  because  of  the  chaff 
fall  velocity. 

Figure  6  shows  estimates  of  a  and  a 
(the  crosswind  and  vertical  standard  deviation? 
for  plume  13,  expressed  as  fractions  of  the 
boundary  layer  depth,  Z..  The  cr's  were  estimated 
from  the  data  by  fitting  curves  through  the 
horizontal  and  vertical  cross-plume  density 
profile,  near  the  leading  edge  of  the  plume.  The 
dashed  curve  is  Deardorff's  (1972)  model  predic- 
tion for  o  .  Agreement  is  seen  to  be  good  be- 
tween the  model  predictions  and  the  first  two 
data  points  (t  <  10  min).  Later  the  a  indicated 
by  radar  becomes  much  smaller  than  the  model 
result.  We  believe  this  may  be  due  to  our  being 
unable  to  account  for  large  regions  of  low  chaff 
density  in  our  calculations  of  a   .   Such  regions 
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were  often  difficult  to  separate  from  noise  in 
the  radar  signal. 

Our  data  for  a  appears  to  be  consist- 
ent with  results  from  a  xank  model  of  Willis  and 
Deardorff  (1976)  for  a  point  source  situated  at 
Z/Z.  =  0.1. 

Similar  data  for  plume  6  are  shown  in 
figure  7.  Again,  the  data  appear  to  be  consist- 
ent with  the  models. 

7.        TURBULENT  KINETIC  ENERGY  DISSIPATION 
RATES 

Since  the  dissipation  rate  can  give 
estimates  of  the  turbulent  diffusion  rates  (see 
Csanady,  1973)  and  since  the  radar  that  we  used 
for  the  plume  studies  had  Doppler  capability,  we 
were  able  to  deduce  the  dissipation  rates  at 
those  locations  where  there  was  chaff.  We  used 
the  method  of  Frisch  and  Clifford  (1974)  to 
derive  dissipation  rates  from  second  moments  of 
the  Doppler  spectra.  The  relevant  equations  are 
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7  percent  low.  However  this  is  negligible 
when  compared  to  the  statistical  variations 
in  the  second  moments,  as  will  be  seen  below. 

The  second  moments  also  had  to  be 
corrected  for  the  effect  of  the  finite  time 
window  over  which  each  pulse  volume  was  observed 
and  for  spectral  smoothing  that  was  done  to  avoid 
spurious  peaks.  For  our  pulse  repetition  period 
of  512  ps,  the  combined  effect  of  the  time  window 
and  the  spectral  smoothing  was  to  increase  the 
spectral  variance  by  0.07  m2/s2  for  spectra  from 
128  sample  points,  by  0.017  m2/s2  for  spectra 
from  256  sample  points,  and  by  a  negligible 
amount  for  512  point  spectra.  These  calculated 
effects  were  found  to  be  consistent  with  the 
apparent  width  of  ground  clutter  for  128,  256  and 
512  point  spectra. 

For  the  narrow  spectra  in  the  chaff 
plumes,  these  corrections  were  appreciable.  For 
128  point  spectra,  the  correction  lowered  the 
apparent  eddy  dissipation  rate  by  about  30%. 

Figure  8  presents  our  measurements  of 
the  dissipation  rates  within  the  plumes.  The 
bars  represent  statistical  uncertainty  only.  The 
dissipation  rate  is  seen  to  be  constant  through- 
out the  depth  of  the  boundary  layer,  having  a 
value  of  50-60  cm2/s3  for  both  plume  6,  the 
morning  case,  and  plume  13,  the  late  afternoon 
case. 


Tigu/ie.  7.     A&  in  6-Lgu/ie.  6,  zxce.pt  that  the. 
data  i&  h>wm  plume  6. 
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for  P  <  a     (1) 


for  a  <  0     (2) 


where  e  is  in  m2/sec3, 
Y2  =  i  -  (B/a)2, 
H2  =  1  -  (a/0)2 
and  0  =  40  m  (the  range  resolution) 
a  =  .0084  x  Range  (pulse  radius) 


The  second  moments  of  radial  velocities 
were  calculated  using  the  radial  Doppler  velocity 
spectrum.  The  threshold  of  the  calculation  was 
done  on  either  side  of  the  peak  where  the  power 
was  15  dB  below  its  peak  value.  This  was  done 
because  there  was  an  inadvertent  fluctuating 
noise  level  in  the  radar  signal.  The  method  of 
chosing  a  threshold  15  dB  below  the  peak  yielded 
the  most  consistent  values  of  second  moments 
between  the  data  with  the  relatively  high  noise 
level,  and  the  data  with  the  lower  noise  level. 
The  method  does  bias  the  second  moments  5  to 
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8.        CONCLUSIONS 

We  see  that  Doppler  radar  observations 
of  the  boundary  layer  filled  with  chaff  can 
provide  useful  information  about  the  plumes  from 
elevated  point  sources.  Individual  plumes  are 
modulated  quite  strongly,  at  least  in  the  down- 
wind direction,  by  large  scale  wind  perturbations 
such  as  convection  cells. 

In  the  two  cases  we  have  studied,  the 
rise  of  the  mean  chaff  plume  height,  and  the 
vertical  spread  of  the  plume  seem  to  be  con- 
sistent, with  the  numerical  model  of  Deardorff. 
The  lateral  spread  of  the  plume  appears  to  be 
consistent  with  what  is  predicted  by  the  tank 
model  of  Willis  and  Deardorff. 

Finally,  Doppler  radar  can  provide 
measurement  of  the  turbulent  kinetic  energy 
dissipation  rate  at  all  points  within  the  plume 
at  a  scale  less  than  100  m.  The  large  temporal 
and  spatial  variations  in  e,  however,  make 
considerable  averaging  necessary  before  meaning- 
ful results  can  be  obtained.  Thus,  many  plumes 
will  have  to  be  studied  before  an  understanding 
is  achieved  of  how  variations  in  £  effect  plume 
dissipation. 
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ACOUSTIC  REMOTE  SENSING  OF  THE  PLANETARY  BOUNDARY  LAYER  AT  THE  SOUTH  POLE 


W.  D.  Neff  and  F.  F.  Hall,  Jr. 


NOAA/ERL/Wave  Propagation  Laboratory 
Boulder,  Colorado  80302 


1 .        INTRODUCTION 

Acoustic  sounders  (or  echosondes)  are 
unique  remote  sensors  of  the  planetary  boundary 
layer.  As  long  as  a  turbulent  boundary  layer 
exists  it  can  be  sensed  by  a  combination  of 
monostatic  and  bistatic  echosondes.  This  capa- 
bility is  being  exploited  through  a  series  of 
experiments  at  Amundsen-Scott  South  Pole  sta- 
tion which  lies  at  an  elevation  of  2854  m  on 
the  slopes  of  the  Antarctic  ice  plateau.  Early 
results  from  these  experiments  have  been  described 
by  Neff  and  Hall  (1976a, b)  and  Neff  et  al.  (1977). 

During  January  and  February  1977  we 
set  up  a  sounding  system  (Fig.  1)  utilizing 
bistatic  geometry  and  Doppler  principles  to  study 
the  turbulence  structure  of  the  statically  stable 
boundary  layer  which  nearly  always  overlies  the 
ice  surface.  The  homogeneous  terrain,  the  lack 
of  a  diurnal  insolation  cycle,  and  the  weakness 
of  synoptic  effects  make  this  an  ideal  site  for 
such  studies.   Because  waves  and  dynamical  in- 
stabilities are  an  ever  present  feature  of  the 
statically  stable  boundary  layer  the  experiment 
site  includes  a  four-element  array  of  micro- 
barographs  to  track  these  motions  and  a  tempera- 

2 
ture  structure  parameter  (C_  )  measurement  (using 

13  um  platinum  probes  spaced  20  cm  apart)  to 
identify  wave  associated  bursts  near  the  surface. 
This  latter  measurement  is  useful  in  identifying 
intermittency  effects  that  prevail  at  large  bulk 
Richardson  numbers  and  that  appear  to  be  related 
to  the  wave-events  seen  by  the  echosonde. 


Figure  1.     Site  plan  showing  the  locations  of 
the  acoustic  sounders ,  microbarographs,  and 
micrometeorological  mast  relative  to  the  new 
Clean  Air  Facility   (CAF)  at  South  Pole  Sta- 
tion.    The  main  station  is  200  meters  to  the 
left  (to  the  weat)  of  the  sounders  and  the 
CAF. 


At  the  time  of  this  writing  (November 
1977) ,  the  experiment  has  operated  nearly  con- 
tinuously for  ten  months  with  routine  data 
logging  (on  digital  tape)  of  the  monostatic  and 
bistatic  intensities,  and  vertical  Doppler  at 
ten  heights  between  30  m  and  150  m  and  micro- 

2 
barograph  and  C_  data  during  each  echosonde 

scan.   The  pulse  repetition  period  ranged  from 
1  to  5  seconds  depending  on  the  depth  of  the 
boundary  layer.   The  monostatic  and  bistatic 
echos  are  displayed  on  a  split-trace,  50  cm 
wide  facsimile  recorder.  The  minimum  range  was 
30  m. 

2.        THE  STRUCTURE  OF  THE  BOUNDARY  LAYER 

The  symmetry  of  the  combined  monostatic- 
bistatic  geometry  shown  schematically  in  Fig.  1 
allows  use  of  the  angular  dependencies  in  the 
expression  for  the  acoustic  scattering  cross- 
section  at  wavenumber  k,  (Tatarskii,  1971) 


ao(9) 


cos 


-<f>T(K) 


E(K)  cos  9/2 
TTC  V     - 

o 


(1) 


where  K  =  2k  sin9/2,  4>  is  the  isotropic,  three- 
dimensional  spectral  density  of  temperature  and  E 
is  the  isotropic  three-dimensional  turbulent 
kinetic  energy  spectral  density.  The  scattering 
cross-section  in  equation  1  is  thus  a  function  of 
the  scattering  angle  9  measured  from  the  trans- 
mitting beam  axis  to  that  of  the  receiver  and  of 
the  spectra  measured  at  the  Bragg-scale  of  K  = 
2k  sin0/2.  For  backscatter,  only  4>T(K)  contri- 
butes. For  0  =  150°,  as  in  our  experiment, 
E(K)  also  contributes.   For  typical  nocturnal 
boundary  layers  the  contribution  from  E(K)  is 
one  to  four  times  that  from  $     using  data  from 

Izumi  (1971)  in  the  theory  presented  by  Kaimal 
(1973).  The  absence  of  signal  at  a  given  height- 
gate  in  the  bistatic  channel  thus  represents  the 
absence  of  small-scale  velocity  turbulence  (with- 
in the  30  dB  dynamic  range  of  the  system)  at  that 
level.  The  absence  of  a  monostatic  signal  in 
such  stable  boundary  layers  indicates  the  absence 
of  a  local  potential  temperature  gradient  but  not 
necessarily  the  absence  of  velocity  turbulence. 
The  absence  of  signals  on  both  channels  suggests 
a  laminar  layer  which  either  lacks  a  source  of 
turbulence  or  is  a  region  of  static  stability 
strong  enough  to  surpress  turbulence. 

The  symmetry  of  the  15°-inclination  of 
the  antennas  in  Fig.  1  allows  the  echos  to  be 
displayed  on  the  same  height-scale  as  shown  in 
Figs.  2  and  3.  Figure  2  was  obtained  with  an 

8ms"  surface  wind,  a  surface  air  temperature 
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of  -30°C,  and  an  inversion  strength  of  about  10°C. 
The  bistatic  echo  is  much  more  uniform  than  the 
monostatic  return.   This  suggests  that  the  ver- 
tical distribution  of  potential  temperature  is 
not  smoothed  effectively  by  the  turbulence. 
Figure  3  shows  numerous  elevated  turbulent  layers 
to  heights  over  400  m,  separated  by  "laminar" 
regions  from  a  "boundary"  layer  that  is  less  than 
40  m  deep.  As  noted  by  Neff  and  Hall  (1976a) 
the  uppermost  of  elevated  layers  (such  as  those 
in  Fig.  3)  marks  the  top  of  the  temperature 
inversion  as  measured  by  the  daily  radiosondes. 
Since  a  high  pressure  region  was  well  established 
over  the  ice  dome  at  the  time  that  the  data  in 
Fig.  3  were  taken,  these  elevated  layers  may  be 
an  artifact  of  the  associated  subsidence  aloft 
rather  than  an  effect  arising  from  the  radiat- 
ional  cooling  of  the  surface  as  in  typical  noc- 
turnal boundary  layers. 
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Figure  2.     Eohosonde  recording  obtained  on  5  February  1977  using  the  system 
shown  in  Fig.    1  under  windy   (8  m  s~  )  conditions. 
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Figure  3.      Eehosonde  recording  obtained  on  9  February   1977 
using  the  system  shown  in  Fig.    1. 


3.        D0PPLER  DERIVED  VERTICAL  VELOCITIES 

Vertical  velocities  were  derived 
from  an  analog  frequency-tracking  device  and 
recorded  at  8  heights  through  the  boundary  layer 
from  the  bistatic  signal.   Because  the  bistatic 
echo  is  often  much  more  uniform  than  the  monosta- 
tic the  time  series  obtained  was  much  less  biased 
by  the  occasional  absence  of  signal.   This  is  re- 
vealed by  spectral  analysis  of  data  from  the  case 
shown  in  Fig.  2.   Data  from  a  height  of  57  m  are 
presented  in  Fig.  4  where  power  spectral  density 
times  frequency  is  plotted  on  a  log- log  scale 
versus  frequency.  No  filtering  at  high  fre- 
quencies was  performed  to  avoid  aliasing  because 
of  the  filtering  already  present  in  the  volume 
averaging  of  the  eehosonde.   Significant  features 
are  the  plus-one  slope  in  the  region  between 
0.001  and  0.02  Hz  which  is  in  agreement  with  the 
sonic  anemometer  data  of  Kaimal  et  al .  (1972). 
The  peak  near  0.1  Hz  is  in  the  same  spectral 
region  as  the  peak  in  the  surface  layer  results 
(at  z/L  =  2)  of  Kaimal  et  al.,  and  at  higher 
levels  in  the  nocturnal  jet  case  of  Kaimal  and 
Izumi  (1965).  Comparison  of  our  data  with  the 
results  of  Kaimal  et  al.,  suggests  that  the 
inertial  subrange  begins  half  a  decade  beyond  the 


highest  frequency  response  of  the  eehosonde 
(here,  the  Nyquist  frequency  of  0.2  Hz.)   Spectra 
were  also  computed  at  other  heights.  The  most 
significant  feature  was  a  shifting  of  the  spec- 
tral peak  to  higher  frequencies  as  the  top  of  the 
surface-based  inversion  was  approached  (which  is 
often  a  region  of  increased  static  stability). 

4.        MICROBAROGRAPH  AND  SURFACE  LAYER 
CT2  DATA 

These  data  reveal  surface  effects  during 
events  such  as  that  shown  in  Fig.  5  where  low  level 
organized  patterns  are  evident.   Surface  pressure 
fluctuations,  Doppler-derived  vertical  veloci- 
ties and  the  square  root  of  the  temperature 

2 
structure  parameter  C   defined  by 


CT  =    i  \T)2/r2/:' 


(where  r  is  the  separation  over  which  AT  is 
measured)  are  plotted  in  Fig.  6.  The  vertical 
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South  Pole  Station 


Frequency  (Hz) 


Figure  4.     Power  spectral  density  of  the  echo- 
sonde- derived  vertical  velocity  at  51  m 
on  a  log-log  plot,   obtained  during  case 
shown  in  Fig.    2. 
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Figure  6.      Time  series  of  the  temperature 
structure  parameter  (which  is  related  to 
the  surface  heat  flux),   the  pressure  fluctua- 
tions from  one  element  of  the  micvobarograph 
array,   and  the  acoustically-derived  vertical 
velocity.      These  are  for  the  case  shown  in 
Fiq.    5. 
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Figure  5.     Acoustic  sounder  facsimile  recording  obtained 
on  10  February  1977  at  South  Pole  Station. 
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velocities  were  derived  from  the  monostatic  signal 
and  are  hence  biased  by  the  lack  of  echos  be- 
tween the  waves  so  that  the  data  presented  here 
were  interpolated  between  points  where  the  signal 

was  present.  The  peak  values  of  1  m  s   are 
significant  and  the  large-scale  overturning 
implied  by  such  vigorous  motions  is  reflected 
by  the  bursts  in  C_  measured  near  the  surface. 

Since  C_  reflects  the  surface  heat  flux  (Wyngaard 

1973) ,  these  data  show  that  events  such  as  that 
in  Fig.  5  can  significantly  increase  the  downward 
transport  of  heat. 

5.        CONCLUSIONS  AND  PROGNOSIS  FOR  FUTURE 
WORK 

The  quality  of  the  data  shown  here  from 
early  February  1977  suggest  that  the  more  than 
7000  hours  of  digitally  recorded  data  to  be 
returned  from  the  South  Pole  in  early  1978  will 
provide  a  number  of  qualitative  and  quantitative 
insights  into  statically  stable  boundary  layer 
structure.  Our  analysis  will  include  the  use  of 
vertical  velocity  data  and  surface  measurements 
to  assess  the  role  of  waves  in  maintaining  the 
surface  heat  budget.  During  less  stable  periods 
(such  as  during  the  warm,  moist  advection  periods 
described  by  Neff  and  Hall,  1976a)  the  inertial 
subrange  may  shift  to  low  enough  frequencies  to 
be  within  the  bandwidth  of  the  Doppler-echosonde 
data.  This  may  allow  us  to  extract  related  tur- 
bulence parameters  such  as  dissipation  rates.  The 
use  of  combined  monostatic  and  bistatic  data  is 
also  expected  to  provide  further  insight  con- 
cerning the  formation  and  evolution  of  the  noc- 
turnal boundary  layer. 
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During  January  of  1978,  we  will  set  up 
a  microprocessor-controlled  Doppler  echosonde 
which  has  been  designed  to  provide  wind  profiles 
from  30  m  to  as  high  as  400  m  in  addition  to 
processing  the  scattering  data,  and  sonic 
anemometer  and  microbarograph  data.  Our  spectral 
analysis  suggests  that  only  low- frequency  compo- 
nents of  the  momentum  flux  will  be  available 
from  this  system. 
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Boundary  layer  research  at  South 
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We  report  here  on  our  analysis  of  acoustic  sounder  data 
obtained  during  1977  and  on  a  series  of  tests  planned  for  a 
wind-sensing  Doppler-acoustic  sounder  and  sonic 
anemometer  installed  during  January  1978  at  wind-sensing 
Doppler-acoustic  sounder  and  sonic  anemometer  installed 
duringjanuary  1978  at  South  Pole  Station. 

Our  1977  experiment  (Neff  and  Hall,  1978;  Neff  el  a/., 
1977)  focused  on  the  profiling  of  small-scale  turbulent 
velocity  and  temperature  fluctuations  as  a  means  of  monitor- 
ing the  structure  and  evolution  of  the  atmospheric  boundary 
layer  at  the  South  Pole.  Through  the  efforts  of  Brad  Halter 
and  the  late  Gary  Rosenberger  of  the  National  Oceanic  and 
Atmospheric  Administration's  Global  Monitoring  for 
Climatic  Change  Program,  we  obtained  high  quality  data  for 
the  entire  year. 

Our  earlier  analysis  of  1975  data  (Neff  and  Hall,  1976a,b) 
documented  the  ability  of  acoustic  sounding  techniques  to 
provide  a  detailed  and  continuous  picture  of  the  inversion 


Wind  Speed 
Spectrum 

1.2  Days 


Frequency  (Hz) 


Figure  1 .  Spectral  and  cospectral  analyses  of  hourly  surface 
observations  obtained  during  May  1975  at  South  Pole  Station. 
The  negative  cospectral  peaks  at  3.3  days  reflect  the  regular 
occurrence  of  cold,  gently  downslope  flows.  The  nearly  diur- 
nal peak  in  the  wind-speed  spectrum  is  related  to  increases 
in  temperature  as  shown  by  its  cospectrum  with  temperature. 
The  temperature  spectrum,  however,  shows  that  this  ac- 
counts for  only  a  small  part  of  the  variance  in  temperature. 
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Bistatic 


Figure  2.  Infrared  satellite  photograph  taken  about  2300Z,  7 

July  1977,  showing  cyclonic  vortex  some  500  kilometers  in 

diameter  and  located  grid  northeast  of  South  Pole  Station 

(solid  dot). 

and  revealed  a  variety  of  meteorological  phenomena  unex- 
pected from  surface  observations  alone.  On  time  scales  of 
minutes,  "breaking"  waves  produced  short-term  increases  in 
the  surface  heat  flux.  Longer  period  oscillations  (l/2  to  1 
hour)  of  the  inversion  depth  produced  large  changes  in  the 
surface  wind  speed  bu:  none  in  the  temperature.  On  synoptic 
time  scales,  we  found  a  systematic  variation  in  the  surface 
wind  direction  and  temperature  that  correlated  strongly  with 
distinct  changes  in  our  acoustic  sounder  data.  The  spectral 
and  cospectral  analyses  of  a  month's  surface  data  shown  in 
figure  1  reveal  quite  clearly  the  synoptic  character  of  these 
changes;  cold,  gentle  downslope  flows  off  the  dome  alternate 
with  strong,  warm  advection  from  the  Weddell  and  Atlantic 
sectors.  During  such  downslope  cases,  the  acoustic  sounder 
data  revealed  a  deepening  of  the  inversion  with  features  simi- 
lar to  those  of  a  surface  cold  front.  In  such  cases,  the  bound- 
ary layer  depth  was  about  25  percent  of  the  inversion  depth, 
with  isolated  turbulent  patches  and  layers  occupying  the  re- 
mainder of  the  inversion.  Such  events  occurred  typically  in 
conjunction  with  strong  baroclinic  upper  level  winds  from  the 
quadrant  between  100°E.  and  180°.  In  such  cases  the 
geostrophic  pressure  gradient  counters  the  Archimedian  force 
within  the  inversion  accounting  for  the  light  winds  and  thin 
boundary  layers. 

The  regular  occurrence  of  such  events  led  us  to  examine 
both  radiosonde  and  satellite  data  in  more  detail.  We  found 
that  the  direction  of  the  upper  level  winds  had  a  bimodal  dis- 
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Figure  3.  Acoustic  sounder  backscatter  signal  (monostatic) 
compared  with  scattering  at  150°  (bistatic).  The  latter  in- 
cludes a  contribution  from  small-scale  velocity  fluctuations  in 
addition  to  one  from  the  temperature  fluctuations.  The  dark 
band  at  30  meters  results  from  the  direct  pulse  between  the 
two  antennas.  The  main  beam  intersection  begins  at  about  60 
meters.  The  dark  band  near  the  bottom  of  the  monostatic 
trace  arises  from  the  ringing  of  the  antenna.  The  lower  record 
reflects  the  enhancement  of  the  temperature  gradient  at  the 
top  of  the  boundary  layer,  while  the  upper  record  shows  the 
uniformity  of  turbulence  within  the  boundary  layer. 

tribution  with  centers  at  45° W.  and  160°E.  The  winds  from 
the  southeast  quadrant  were  highly  baroclinic  and  in  most  of 
the  cases  associated  with  the  presence  of  frontal  and 
multilayered  echos  in  the  acoustic  data.  Examination  of  in- 
frared satellite  photographs  from  July  1977  revealed  the  case 
shown  in  figure  2.  The  distinctly  cyclonic  vortex  located  grid- 
northeast  of  the  South  Pole  formed  and  decayed  over  a  period 
of  2  days.  The  acoustic  sounder  revealed  that  a  surface 
"front"  arrival  some  18  hours  prior  to  this  photograph. 
Although  moisture  is  available  only  rarely  as  a  tracer  for  such 
infrared  imagery  over  the  antarctic  interior,  our  acoustic- 
sounder  data  and  spectral  analysis  of  surface  data  suggest  that 
the  propagation  and  horizontal  structure  of  such  systems 
could  be  studied  easily  with  an  array  of  remote  weather  sta- 
tions. 

Under  higher  wind  conditions  the  boundary  layer 
typically  would  grow  to  heights  of  as  much  as  300  meters  over 
periods  of  6  to  36  hours.  In  such  cases  the  increased  tur- 
bulence often  caused  a  weakening  of  the  temperature  gra- 
dient within  the  boundary  layer  and  a  corresponding  enhan- 
cement at  the  top.  These  observations  confirm  the  recent 
model  predictions  of  Brost  and  Wyngaard  (1978),  who  in- 
cluded both  bottom  slope  and  a  surface  energy  budget  in  a 
higher  order  closure  model  of  the  statically  stable  boundary 
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layer.  Their  model  also  showed  that  such  boundary  layers 
often  require  times  comparable  with  the  duirnal  period  to 
come  to  equilibrium.  Because  the  South  Pole  site  lacks  a 
diurnal  cycle  of  insulation,  data  acquired  there  provide  a  uni- 
que opportunity  to  test  the  predictions  of  these  models. 

The  primary  data  available  from  the  acoustic  backscatter 
signal  are  profiles  of  the  temperature  spectrum  JT(K),  at  the 
acoustic  wave  number  K  (as  in  the  lower  portion  of  figure  3). 
A  connection  with  typical  model  parameters  can  be  made  as 
follows:  Wyngaard  and  Cote  ( 1971 )  express  3T(K)  as 


T(K)  =  /3Q§|  e  -W's 


(i: 


3T 


where /3=o.  79  ±0. 10;  Q,  the  flux  of  sensible  heat;  "^  the 
background  temperature  gradient;  and  e,  the  rate  of  destruc- 
tion of  the  turbulent  kinetic  energy.  Writing  Q_  in  an  eddy- 
diffusivity  form  as  Q=K4  j¥T  we  then  have 

0T(K)^O.79Kj(a^e-1/3K-5/3  (2) 

The  bistatic-sounder  echo  in  figure  3  (see  Neff  and  Hall, 
1978,  for  more  discussion  of  the  application  of  scattering 
theory  to  the  interpretation  of  such  records)  shows  a  nearly 
uniform  distribution  of  through  the  boundary  layer.  Mode! 
predictions  of  KH  suggest  a  nearly  linear  decrease  near  the 
top  of  the  inversion.  The  quadratic  behavior  of  (|2)'  thus  will 
dominate  the  behavior  of  0T(K).  Changes  in  the  back- 
ground temperature  gradient  due  to  the  evolution  of  the 
boundary  layer  or  shorter  term  variations  due  to  internal  gra- 
vity waves  thus  should  be  clearly  evident  from  acoustic  data 
as,  indeed,  we  have  found.  The  strong  backscatter  echo  at  the 
top  of  the  boundary  layer  shown  in  figure  3  would  correspond 
to  a  sharpening  of  the  temperature  gradient  there  as  predicted 
by  Brost  and  Wyngaard  and  is  consistent  with  (2).  The 
availability  of  such  model  results  thus  provides  a  basis  for  the 
systematic  analysis  of  our  digitally  recorded  sounder  data  ob- 
tained during  1977. 

Our  1978  field  program  has  been  designed  to  test  a  Dop- 
pler-acoustic  sounder  as  a  means  of  studying  the  detailed 
structure  of  the  boundary-layer  wind  field.  A  number  of 
problems  with  cold  sensitivity  and  power  line  transients  had 
been  solved  by  midwinter  with  routine  data  acquisition  begun 
on  1  July. 

Because  of  the  problems  of  inferring  surface  stress  and 
heat  flux  from  profile  methods  at  large  static  stability,  we 
modified,  for  cold-weather  operation,  a  three-axis  sonic 
anemometer  for  direct  measurement  of  these  fluxes.  The 
sonic  electronics  were  modified  so  that  adjustments  could  be 
made  in  the  Clean-Air  Facility.  This  has,  however,  required 
additional  line  drivers  and  receivers  to  eliminate  crosstalk 
and  noise.  These  modifications  should  be  completed  later  in 
the  winter. 

Lt.  Hans  Ramm  is  the  winter  scientist  during  1978  and 
participated  with  me  in  the  1977  and  1978  summer  programs. 
This  research  was  supported  in  part  by  the  National  Science 
Foundation  under  grant  DPP  77-04865. 
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Errata: 

Page   370,  paragraph  1:     Lines  4,  5  and 
6:     Delete  the  phrase  "wind  sensing 
Doppler-acoustic  sounder  and  sonic 
anemometer  installed  during  January 
1978  at..." 


Page  372, 
Line 
Line 


paragraph  2 

2:  3  (K)  should 

5: 


*t(K) 


t 


should 


be 
be 


<J>T(K). 

<d|(k). 


Equation  1 


The  left-hand  side  of 
the  equation  should  be 


<J> 


T 


(K) 


K»  should  be 


Line  above  equation  2: 

KH. 

Line  4  of  sentence  below  equation  2: 
Insert  e  so  that  the 
sentence  ends  "uniform 
distribution  of  e 
through  the  boundary 
layer." 
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The  behavior  of  the  temperature-humidity  covariance  (0q)  budget  in  the  convectively  driven  boundary 
layer  is  determined  through  analysis  of  data  from  AMTEX  and  (to  a  lesser  extent)  Kansas  and  Minnesota. 
In  the  near-neutral  surface  layer  a  balance  is  found  between  production  and  molecular  destruction;  in  the 
mixed  layer,  transport  is  also  important.  We  extend  the  Corrsin  theory  for  inertial  subrange  scalar  spectral 
behavior  to  the  temperature-humidity  cospectrum,  and  thus  relate  the  molecular  destruction  rate  of  0q 
to  its  inertial  range  level.  Destruction  rates  inferred  from  AMTEX  cospectra  agree  with  those  found  from 
the  imbalance  of  production  and  transport  terms.  The  budgets  within  the  surface  layer  and  the  mixed  layer 
are  parameterized  separately  with  appropriate  scales. 

Both  temperature  and  humidity  fluctuations  contribute  to  the  small-scale  refractive  index  variations 
which  affect  acoustic  and  electromagnetic  wave  propagation  in  the  atmosphere.  Our  results  indicate  that 
their  joint  contribution  Ctq  to  the  refractive  index  structure  parameter  is  directly  related  to  the  molecular 
destruction  rate  of  6q.  The  results  provide  a  basis  for  understanding  and  predicting  the  behavior  of  Crq  in 
the  convective  boundary  layer. 


1.  Introduction 

A  convective  boundary  layer  over  an  evaporating 
surface  has  significant  fluctuation  levels  in  both  tem- 
perature and  humidity.  It  has  long  been  observed 
that  these  fluctuations  can  be  strongly  correlated. 
The  mechanisms  through  which  a  turbulent  flow 
maintains  strong  scalar-scalar  correlations  are  of 
interest  in  their  own  right,  and  have  relevance  to  a 
range  of  disciplines  from  turbulent  chemistry  to  wave 
propagation  through  turbulence. 

In  the  latter  application,  for  example,  Gossard 
(1960)  and  more  recently  Friehe  et  al.  (1975)  and 
Wesely  (1976)  have  shown  how  both  temperature 
and  humidity  fluctuations  contribute  to  refractive 
index  fluctuations.  One  can  write 


«=  —  C{6-\-aq), 


(1) 


where  n,  0  and  q  are  fluctuating  refractive  index, 
temperature  and  absolute  humidity  (units  of  grams 
of  water  vapor  per  cubic  meter),  respectively,  and  C 
is  a  conversion  constant  which  we  will  ignore  hereafter. 
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The  factor  a  depends  on  the  wavelength  of  the  acoustic 
or  electromagnetic  radiation.  In  calculating  turbulence 
effects  on  wave  propagation  one  usually  deals  with 
the  refractive  index  structure  function  (Tatarskii, 
1971) 


[n  (x,/)  -  n  (x+  r,t)J=  (n  -  n')\ 


(2) 


where  n  is  measured  at  x  and  n'  at  x+r.  From  Eq.  (1) 
this  is 


(n-n'Y=  (e-dy+2a(6-d')(q-q')+a>(q-qy.    (3) 

For  separation  magnitudes  r  in  the  inertial  range 
(»j«r«/,  where  -q  is  the  Kolmogorov  microscale  and  / 
the  integral  scale),  locally  isotropic,  Kolmogorov- 
Corrsin  turbulence  is  usually  assumed.  Then  structure 
functions  depend  on  r,  not  r,  so  that  Eq.  (3)  can 
be  written 


(»- 


■n')2  =  2d\  l-—)+4adq[  1 = — ) 

V       62'  V  26q       ' 

+2a2q2(l-9-p) 


(4) 
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Table  1.  Values  of  surface  layer  scaling  parameters,  surface 
virtual  temperature  flux  and  mixed  layer  depth  for  AMTEX 
1975  flights. 


z> 

u* 

-r* 

~2* 

Qov 

-L 

Date 

(m) 

(m  s-1) 

(K) 

(g  m"3) 

(m  s-'  K) 

(m) 

2/15 

1200 

0.53 

0.26 

0.28 

0.16 

76 

2/16 

1430 

0.40 

0.28 

0.35 

0.13 

40 

2/18 

1010 

0.35 

0.17 

0.40 

0.08 

44 

2/22 

1900 

0.58 

0.34 

0.52 

0.24 

67 

2/24 

1200 

0.30 

0.25 

0.67 

0.10 

22 

2/26 

680 

0.33 

0.12 

0.29 

0.05 

59 

and  the  temperature  and  humidity  structure  functions 
behave  as 


Y\ 


(e-ey=2d2li-—\= crv*, 


(5) 


(6) 


where  Ct2  and  Cq  are  the  temperature  and  humidity 
structure  parameters.  We  will  show  here  that  the 
cross  term  in  Eq.  (4)  also  has  this  /--dependence, 
so  that  one  can  write 


C  n2  =  CT2+2aCTq+a2C  q 


(7) 


as  has  often  been  implicity  assumed  in  past  literature. 
We  will  also  show  that  Crq  is  directly  related  to  the 
molecular  destruction  term  in  the  6q  budget.  Our 
budget  results  thus  provide  a  basis  for  relating  Crq 
to  other  turbulence  quantities  in  the  convective 
boundary  layer. 

2.  Measurements 

The  airplane  measurements  reported  here  were 
made  with  the  NCAR  Lockheed  Electra  over  the 
East  China  Sea  as  part  of  the  Air  Mass  Transforma- 
tion Experiment  (AMTEX)  during  February  1975. 
Table  1  is  a  summary  of  the  surface  fluxes  and  certain 
boundary  layer  parameters  for  the  six  AMTEX 
boundary  layer  flights.  Except  for  those  on  24  and 
26  February,  the  measurements  were  obtained  during 
periods  of  cold  air  advection  over  the  Kuroshio, 
a  warm,  northward  flowing  ocean  current.  Under 
conditions  of  strong  cold  air  advection  the  convectively 
unstable  boundary  layer  is  capped  by  a  well-defined 
inversion  layer  at  height  Zi,  usually  1-2  km  above 
the  surface,  with  broken  decks  of  stratocumulus  clouds 
in  the  upper  few  hundred  meters.  On  24  February 
the  mixed  layer  was  also  capped  by  stratocumulus 
but  the  inversion  was  quite  weak  and  surface  winds 
were  southwesterly.  Conditions  on  26  February  were 
like  those  commonly  observed  over  tropical  oceans. 
Winds  were  light,  the  air-sea  temperature  contrast 
was   small,   and   the   mixed-layer  height   was   about 


cloud  base  for  the  scattered  to  broken  cumulus  ob- 
served in  the  area  of  measurements. 

Fig.  1  shows  profiles  of  mean  potential  temperature 
and  humidity  that  were  typical  for  the  conditions 
of  strong  cold  air  advection.  These  profiles  are  made 
up  of  both  aircraft  soundings  (i.e.,  constant  heading 
descents  or  ascents  at  about  5  m  s_1)  and  "leg  average" 
values  over  60  km  long  straight  and  level  flight  paths. 
Profiles  on  24  and  26  February  were  similar  except 
that  the  jumps  in  @  and  Q  were  much  less  pronounced 
and  Z{  was  more  difficult  to  determine. 

The  Electra  air  motion  sensing  system  uses  an 
inertial  navigation  system  (INS)  to  measure  the 
velocity  and  angular  orientation  of  the  airplane 
relative  to  the  earth.  The  longitudinal  component  of 
air  velocity  with  respect  to  the  airplane  (the  aircraft 
true  airspeed)  is  measured  by  means  of  a  pitot-static 
tube,  while  the  lateral  and  vertical  components  are 
measured  by  means  of  vanes.  These  sensors  are 
mounted  on  a  nose  boom  about  6  m  ahead  of  the 
aircraft  to  reduce  the  error  caused  by  upwash  effects 
on  air  flow  around  the  fuselage.  The  air  velocity 
measurements  with  respect  to  the  airplane  are  com- 
bined with  the  INS  outputs  to  obtain  the  three  air 
velocity  components  relative  to  the  earth,  as  described 
by  Lenschow  (1972). 

Temperature  is  measured  with  a  25  pm  platinum 
resistance  wire  thermometer  (Rosemount  Model  No. 
102E2AL).  The  sensor  output  is  corrected  for  dynamic 
heating,  which  is  proportional  to  the  square  of  the 
aircraft  true  airspeed.  Since  the  aircraft  altitude  varies 
somewhat  due  to  turbulence  and  pilot  control  inputs, 
the  temperature  measured  from  the  aircraft  can  be 
affected  by  the  mean  lapse  rate.  As  shown  in  Fig.  1, 
the  mean  potential  temperature  lapse  rate  is  close 
to  zero.  Therefore,  potential  temperature  fluctuations 
(calculated  from  temperature  and  static  pressure)  are 
actually  used  instead  of  temperature  in  all  the  mea- 
surements discussed  here.  In  order  to  convert  potential 
temperature  fluctuations  to  temperature  fluctuations, 
they  must  be  multiplied  by  the  ratio  of  mean  tem- 
perature to  mean  potential  temperature.  This  was  not 
done  here  since  this  factor  never  departed  from  unity 
by  more  than  7%. 

Absolute  humidity  is  measured  with  a  cooled-mirror 
dew-point  hygrometer.  Both  a  fixed-path  Lyman-alpha 
hygrometer  (LAH)  [Buck  (1976)  describes  a  variable- 
path  version  of  this  sensor]  and  a  microwave  re- 
fractometer  (McGavin  and  Vetter,  1965)  are  used  for 
humidity  fluctuation  measurements.  The  LAH  was 
used  for  all  of  the  humidity  fluctuation  measurements 
except  for  the  lowest  flight  level  on  15  February  1975, 
when  the  LAH  was  off-scale,  because  the  refractometer 
was  noisier  at  high  frequencies.  The  effect  of  this 
electronic  noise  on  the  data  reported  here  is  negligible. 

With  the  exception  of  the  LAH,  all  of  the  sensors 
measuring  turbulent  fluctuations  in  the  airstream  are 
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Fig.  1.  Typical  profiles  of  mean  potential  temperature  ©  and  mean  absolute  humidity  Q  during  AMTEX. 
Note  the  well-defined  inversion  base  at  z,  and  the  jumps  A©  and  AQ  there. 


within  a  meter  of  each  other  on  the  aircraft  nose 
boom.  The  LAH  is  located  on  the  nose  boom  about 
3  m  downstream  from  the  other  sensors.  To  com- 
pensate for  this  (which  amounts  to  about  0.03  s  delay- 
time)  and  for  the  lag  introduced  by  the  reduced 
velocity  of  the  air  in  the  0.37  m  length  of  tubing 
upstream  from  the  sensor,  the  sensor  output  is  ad- 
vanced by  one  time  interval  (0.05  s)  with  respect  to 
the  other  variables.  The  remaining  0.02  s  delay  is 
equivalent  to  a  velocity  in  the  hygrometer  tubing  of 
18  m  s_1.  This  seems  reasonable  in  view  of  the  bends 
in  the  tubing  and  the  obstruction  at  the  entrance  to 
the  tube,  which  is  intended  to  help  keep  the  sensor 
free  from  water  by  deflecting  hydrometeors  away 
from  the  entrance.  The  magnitude  of  this  phase 
advancement  was  determined  by  minimizing  the  phase 
angle  at  high  frequencies  between  humidity  and 
vertical  velocity  w.  Vertical  velocity,  which  is  used 
as  a  reference  for  phase  shift  comparisons,  is  measured 
with  sensors  that  have  negligible  phase  shift  over  the 
bandwidth  used  for  these  calculations.  Similarly,  the 
LAH  response,  disregarding  the  effects  of  location 
and  ducting,  is  assumed  to  have  negligible  phase  shift 
and  attenuation  over  the  bandwidth  considered  here. 
The  phase  angle  relationships  between  humidity,  tem- 
perature and  vertical  velocity  were  found  to  be  inde- 
pendent of  the  heading  of  the  aircraft  with  respect 
to  the  wind  direction  to  verify  that  these  are  instru- 
mental characteristics  rather  than  real  physical  rela- 
tionships existing  in  the  atmosphere. 

The  temperature  response,  however,  has  significant 
phase   shift   and   attenuation.   Because  of  heat  con- 


duction between  the  wire  and  its  housing,  the  tem- 
perature response  is  not  describable  by  a  simple, 
linear,  first-order  differential  equation  with  a  single 
time  constant  characteristic  of  the  resistance  wire. 
McCarthy  (1973)  attempted  to  model  its  response  by 
assuming  that  its  response  to  ambient  air  temperature 
fluctuations  can  be  approximated  by  the  smoothing 
or  filtering  function 


0.7e-"Tl+Q.3e-'lTi. 


(8) 


The  first  term  represents  the  response  of  the  sensing 
element,  and  the  second  term  is  due  to  heat  con- 
duction between  the  element  and  its  supporting 
structure  which  has  much  greater  thermal  inertia. 
McCarthy  used  the  values  t\—  0.016  s  and  ti=  1.15  s, 
which  he  obtained  from  the  manufacturer.  However, 
measurements  from  the  Electra  indicate  that  a  value 
of  T!  =  0.03  s  gives  better  agreement  with  the  observed 
phase  shifts  of  6  and  w,  as  well  as  6  and  q. 

With  the  exception  of  the  two  INS  horizontal 
airplane  velocity  components,  which  were  recorded 
at  10  samples  per  second,  the  Electra  turbulence  data 
were  recorded  at  50  samples  per  second.  All  the  vari- 
ables were  low-pass  filtered  with  either  analog  or 
digital  4-pole  low-pass  Butterworth  filters  with  a  cutoff 
frequency  of  about  10  Hz  and  then  interpolated  to 
a  sampling  rate  of  20  samples  per  second. 

The  overland  humidity  statistics  reported  here  were 
measured  during  the  1973  Minnesota  experiments, 
using  equipment  and  techniques  described  in  detail 
by  Champagne  et  al.  (1977). 
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Fig.   2.   Vertical   profiles  of   req,   the   correlation   coefficient  of 
temperature  and  humidity  fluctuations,  during  AMTEX. 


3.  The  Bq  budget 

It  is  well-established  that  Bq  is  positive  above  a 
warm,  evaporating  surface  (Swinbank  and  Dyer,  1967; 
Phelps  and  Pond,  1971;  McBean  and  Miyake,  1972; 
Friehe  et  al.,  1975;  Wesely,  1976).  Not  as  well-docu- 
mented, but  perhaps  as  physically  understandable, 
are  the  negative  Bq  values  in  the  upper  portions  of 
the  convective  ABL.  The  inversion  which  typically 
caps  the  ABL  in  these  conditions  usually  has  a  sharp 
increase  in  temperature  with  height,  but  a  sharp 
decrease  in  humidity;  thus  entrainment  leads  to  large 
negative  dq  values  near  zt.  Fig.  2,  based  on  data  from 
six  days  in  the  AMTEX  experiment,  shows  the  vertical 
profile  of  the  correlation  coefficient  reg,  defined  by 


dq 


r$a—- 


oy]* 


(9) 


Note  from  Fig.  2  that  r$g  approaches  1.0  near  the 
surface,  changes  sign  at  z/Zi~ 0.5,  and  can  be  large 
and  negative  near  the  inversion  base. 

We  can  learn  much  about  the  maintenance  of  dq 
from  its  conservation  equation,  which  is  derived  from 
those  for  B  and  q.  Neglecting  radiation  and  phase 
change  effects  (thus  restricting  our  attention  to  the 
region  below  cloud  base)  the  6  equation  is  (Lumley 
and  Panofsky,  1964) 


e^+Q^-Uj+e^Uj+e^-Uj-e^u^Ke, 


(10) 


Here  K  is  thermal  diffusivity,  and  we  denote  mean 
quantities  by  upper  case  symbols;  a  comma  denotes 
differentiation  and  repeated  indices  are  summed.  The 
q  equation  is  derived  by  using  a  mean  and  turbulent 
decomposition  in  the  humidity  conservation  equation. 
The  variable  air  density  introduces  many  advective 
terms,  but  under  typical  boundary  layer  conditions 
most  can  be  neglected.  We  assume  the  scale  height 
h=p/  {p,3)^>l,  where  p  is  the  mean  density  and  / 
a  characteristic  turbulence  integral  scale.  We  also 
assume    (<f)i/Q»(B2)t/T~(p'2)i/p,   where  p     is   fluc- 


tuating density;  both  are  usually  excellent  approxima- 
tions. Under  these  conditions  the  q  equation  reduces  to 

q,t+p(Q/p),jUj+q,jUi+q,jUj-q,jUj  =  Dq,jj      (11) 

where  D  is  the  diffusivity  for  q. 

Note  that  the  second  term  in  Eq.  (10)  contains 
the  gradient  of  mean  potential  temperature,  not  mean 
temperature.  Thus  even  though  there  is  a  mean 
vertical  gradient  of  temperature  in  a  neutral  (0,3=0) 
atmosphere,  vertical  velocity  fluctuations  do  not  cause 
temperature  fluctuations.  Eq.  (11)  shows  an  analogous 
situation  exists  for  humidity.  Because  p  decreases 
with  z,  a  well-mixed  layer  \_(Q/p), 3  =  0]  will  have  a 
mean  vertical  gradient  of  absolute  humidity,  but 
vertical  velocity  fluctuations  will  not  generate  q 
fluctuations. 

Multiplying  the  6  equation  by  q,  the  q  equation 
by  B,  adding  and  averaging  gives  in  large  Reynolds 
number  turbulence  (Tennekes  and  Lumley,  1972) 

(Oq),t=-®,M~q-p(Q/p),&~0-  {UjOq),j 


-(u]8q),j-2(K+D)B,jq,j.     (12) 

The  terms  on  the  right  side  of  Eq.  (12)  are,  in  order, 
production  through  the  mean  potential  temperature 
gradient,  production  through  the  mean  specific  hu- 
midity gradient,  mean  advection,  turbulent  transport 
and  molecular  destruction. 

In  the  horizontally  homogeneous  flows  we  consider 
here,  the  dq  budget  simplifies  to 

(6q),t=  -®,3wq-p(Q/p),3wB-  (w6q),3 


-2(K+D)d,jqfi,     (13) 

where  we  revert  to  the  notation  u3=w.  We  can  now 
discuss  the  behavior  of  the  horizontally  homogeneous 
budget  (13)  in  two  regions  of  the  convective  ABL. 

4.  The  unstable  surface  layer 

We  consider  both  wq  and  wB  to  be  positive,  and 
both  0,3  and  (Q/p).3  negative — the  normal  situation 
above  a  warm  evaporating  surface.  Then  both  the 
production  terms  in  Eq.  (13)  create  positive  Bq.  We 
will  now  argue  that  in  this  situation  the  transport 
term  is  much  smaller. 

Data  on  wdq  are  scarce,  but  since  under  the  con- 
ditions we  are  considering  B  and  q  are  strongly  posi- 
tively correlated,  we  expect  wdq  to  behave  much 
like  wBB.  Fig.  3  is  a  compilation  of  wB2  data  from 
Minnesota  (Kaimal  et  al.,  1976)  and  Kansas  (Wyn- 
gaard  and  Cote,  1971),  and  wBq  data  from  Minnesota 
(Champagne  et  al.,    1977)   and   AMTEX.   We  non- 
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Fig.  3.  Data  on  the  vertical  fluxes  of  &  and  6q  in  the  surface 
layer  from  AMTEX,  Minnesota  and  Kansas. 

dimensionalize  with  the  scales 

r*=-Co/«*i 


*«0. 


OF 


(14) 


where  Qo  and  M0  are  the  surface  temperature  and 
moisture  fluxes,  Qov  is  the  surface  virtual  temperature 
flux  Qo+(Q.6lTM0/p),  and  £=0.35  (Businger  et  al., 
1971)  is  the  von  Karman  constant.  The  data  in  Fig.  3, 
although  limited,  do  support  our  hypothesis  that  wOq 
and  W02  behave  similarly.  Therefore,  we  will  use 
Fig.  3  to  estimate  transport  of  Oq  in  the  unstable 
surface  layer. 

Fig.  3  indicates  no  significant  transport  in  the 
interval  0.1<-z/Z,<0.5.  The  data  for  0.5<-z/L<5 
follow  the  Kansas  local  free  convection  prediction 
(Wyngaard  et  al.,  1971a) 


w^=0.75«+r*2(-z/^)-1. 


(15) 


Assuming  this  holds  for  wdq,  the  transport  term  in 
Eq.  (13)  for  0.5 <—  z/L<5  becomes  in  dimensionless 
form 

m*7\,0*/     z  \~* 

-(w6q),3~0.25 [ J    .  (16) 

In  the  surface  layer,  where  z«A  (where  h  is  the  scale 
height),  we  have 

p(Q/p).i".e.r  (17) 

and  the  production  terms  in  Eq.  (13)  are,  in  dimen- 
sionless form, 

-^p«3/p),3«-^,3=jLj:iJ>g  (18) 

kz 

«*7"*9* 

-wq%,3  = 4>h  (19) 

kz 


with  <j>h  and  <f>q  the  dimensionless  mean  gradients. 
We  take  <l>h  =  <t>q  (Businger,  1973)  so  the  two  produc- 
tion terms  are  equal.  Businger  et  al.  (1971)  fit  the 
formula 

0A= 0.74(1 -9z/L)-i  (20) 

to  the  Kansas  data  in  the  range  0<—  z/L<2,  but 
we  will  use  the  expression 


4>h=0.23(-z/L)-i 


(21) 


which  fits  the  data  nearly  as  well  in  the  range  0.5 
<—z/L<2.  Then  the  ratio  of  transport  to  produc- 
tion terms  for  0.5<—  z/L<2  becomes,  from  Eqs. 
(16)-(19)  and  Eq.  (21), 


transport 
production 


=  0.2. 


(22) 


The  ratio  is  even  smaller  in  the  range  0<— z/L<0.5, 
assuming  the  trend  in  Fig.  3  continues  for  —z/L—*Q. 
Thus  within  an  error  of  about  20%  we  can  neglect 
transport  in  the  unstable  surface  layer,  giving  for 
0<-z/L<2 


(0q),t~-®,3wq-Q,3wd-2(K+D)e,jq,}:     (23) 

It  is  easy  to  show  that  dq  would  have  to  change  sig- 
nificantly over  a  time  scale  t^z/u*  (about  30  s  for 
z=10  m  and  m1c  =  0.3  m  s-1)  in  order  for  the  time 
term  in  Eq.  (23)  to  be  important.  This  does  not 
happen,  so  we  can  adopt  the  quasi-steady  budget  for 
0<-z/L<2 


(fy)„«0«  ~-®)3wq-Q,3we-2(K+D)e,jq,i     (24) 

which  indicates  that  production  is  balanced  by  mo- 
lecular destruction. 

Under  more  unstable  conditions  <j>h  probably  de- 
creases faster  than  indicated  by  Eq.  (21),  while  Fig.  3 
suggests  that  transport  remains  a  source  term.  Thus 
for  —z/L>2  all  three  terms — transport,  production 
and  molecular  destruction — are  probably  significant. 

S.  The  mixed  layer 

a.  Parameterization  of  terms 

Although  strictly  speaking  the  AMTEX  boundary 
layer  is  horizontally  inhomogeneous,  the  mean  ad- 
vective  terms  in  the  turbulent  second-moment  equa- 
tions are  negligible.  Furthermore,  a  Lagrangian  time 
for  air  passage  through  the  AMTEX  area  is  much 
larger  than  a  large  eddy  turnover  time  in  the  bound- 
ary layer.  Thus  we  can  assume  the  boundary  layer 
turbulence  is  locally  homogeneous  and  in  equilibrium, 
and  use  the  AMTEX  data  to  examine  the  Oq  budget 
[Eq.  (13)]  in  the  convectively  driven  mixed  layer. 
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Fig.   4.   The  dq  profile,   made   dimensionless  with   mixed-layer 
scales,  in  AMTEX.  Symbols  as  in  Fig.  2. 

We  will  nondimensionalize  with  mixed-layer  scales 

u>*=l(g/T)QovZiy 
9*w*=Qo  '■  (25) 

m^w*  =  Mo 

Fig.  4  shows  the  vertical  profile  of  nondimensional  dq 
for  six  AMTEX  days.  Our  scaling  collapses  the  data 
over  most  of  the  mixed  layer.  The  structure  in  the 
entrainment  region  near  zt  depends  not  only  on  the 
scaling  parameters  in  Eq.  (25)  but  also  on  the  inver- 
sion layer  parameters,  such  as  the  jumps  A®  and  AQ 
at  z,  and  the  gradients  above.  We  do  not  have  suf- 
ficient data  near  z,  to  examine  this  critically.  Further- 
more, stratocumulus  clouds  existed  in  the  upper  few 
hundred  meters  of  the  mixed  layer  over  as  much  as 
80%  of  the  area,  and  temperature  and  humidity 
measurements  there  are  affected  by  cloud  water 
(Lenschow  and  Pennell,  1974).  In  addition,  flight 
levels  occasionally  penetrated  through  the  top  of  the 
mixed  layer,  giving  anomalously  large  values  of  d2,  q2 
and  dq.  The  flight  leg  on  18  February  at  z=0.87  z,  is 
a  good  example  of  this  (see  Figs.  2  and  4).  Hence 
for  profiles  of  terms  in  the  dq  budget  we  restrict  our 
attention  to  the  region  0.1<z/zi<0.8. 

Fig.  5  shows  the  vertical  profile  of  wdq.  Note  that 
near  the  surface  it  is  consistent  with  the  local  free 
convection  expression  of  Eq.   (15),  which  in  mixed- 


Local  Free  Convection 

2.8  11-Z/Z:)2 


1  2  3 


Fig.  5.  The  wdq  profile,  made  dimensionless  with  mixed-layer 
scales,  in  AMTEX.  The  solid  curve  was  used  in  the  parame- 
terized dq  budget.  Symbols  as  in  Fig.  2. 


-0.4      -02  0         02        04        06        08         10 

^/Q0 

Fig.  6.  The  sensible  heat  flux  profile,  made  dimensionless 
with  mixed-layer  scales,  in  AMTEX.  The  solid  line  was  used 
in  the  parameterized  dq  budget.  Symbols  as  in  Fig.  2. 


layer  variables  is 


wdq  =  1 .0(ym*w*6*  (z/z,)-i. 


(26) 


Eq.  (26)  follows  the  data  up  to  z/z,«0.2.  For  the 
region  0.1  <z/z,< 0.8  the  data  scatter  about  the  curve 
(fit  by  eye) 


wdq  =  2.&m*w*d*  (1  —z/Zi)2 


(27) 


drawn  in   Fig.   5.   Differentiating  Eq.    (27)  gives  an 
expression  for  transport  in  the  mixed  layer: 


—  (wdq),3  =  5.6(m*w*djzi)  (1  —i/zt). 


(28) 


The  production  terms  in  the  mixed-layer  budget 
£Eq.  (13)3  involve  both  fluxes  and  mean  gradients. 
The  AMTEX  flux  profiles  are  shown  in  Figs.  6  and  7. 
The  temperature  flux  (Fig.  6)  is  essentially  linear  in 
the  region  0<z/z,<0.8: 


w0~@o(l-1.5z/Zi). 


(29) 


The  humidity  flux  (Fig.  7)  falls  off  much  less  rapidly 
with  height  in  the  mixed  layer.  We  will  parameterize 


0  0.2  0.4  0.6  0.8 

wq  /  MQ 

Fig.  7.  The  humidity  flux  profile,  made  dimensionless  with 
mixed-layer  scales,  in  AMTEX.  The  solid  line  was  used  in  the 
parameterized  dq  budget.  Symbols  as  in  Fig.  2. 
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the  AMTEX  profile  by 


53 


wq  =  M0(l  —  Q.Sz/zi). 


(30) 


Our  parameterized  clear  air  flux  profiles  [Eqs.  (29) 
and  (30)3  are  linear  interpolations  between  the  surface 
values  and  the  values  induced  by  entrainment  at  z,. 
The  latter  are  determined  by  the  entrainment  velocity 
we  and  the  jumps  A©  and  AQ.  The  value  of  we  depends 
on,  among  other  things,  the  jump  in  virtual  potential 
temperature  A©^  where  ©k  is  defined  by 


0. 


•  =  ©(  1+0.61— J 


(3D 


Since  0yis  always  greater  above  z,  than  below  (A@k  is 
positive),  entrainment  generates  negative  wdv  near  zt. 
This  value  is  typically  about  —0.2  times  the  surface 
value  Qov-  Although  in  principle  a  clear,  inversion- 
capped  mixed  layer  can  have  jumps  A©  and  AQ  of 
either  sign,  and  hence  entrainment-induced  values  of 
wd  and  wq  of  either  sign,  in  all  the  AMTEX  runs  A© 
was  positive  and  AQ  negative.  Thus  the  entrainment- 
induced  wd  was  negative  and  wq  positive.  For  the 
AMTEX  conditions  the  profile  of  wdv  was  determined 
mainly  by  wd,  so  the  individual  wq  profiles  typically 
show  more  variation  than  wd. 

While  (Q/p),3  in  the  mixed  layer  could  be  fairly 
accurately  estimated,  ©,3  was  very  small  and  impos- 
sible to  determine  with  any  confidence.  Instead  we 
used  the  mixed-layer  assumption  ©v  =  constant,  which 
implies  to  a  good  approximation  for  the  AMTEX  data 


©v,3  =  0  =  ©,3+0.61©(e/p),3  (32) 

©/         Qg\ 

©,3=-0.61-(e,3+ ),  (33) 


where  R  is  the  gas  constant  and  7=  1.4  is  the  specific 
heat  ratio.  For  typical  values  of  Qy3  this  gives  a  very 
small,  positive  ©,3.  On  15  February,  for  example, 
@,3~-1.0Xl0-3  g  m"4;  from  Eq.  (33)  and  the  pre- 
vailing conditions  this  gives  ©,3  —  0.1  K  km-1.  The 
mixed-layer  profiles  in  Fig.  1  were  drawn  with  these 
slopes.  The  0  and  Q  profiles  for  each  of  the  six  AMTEX 
runs  analyzed  appeared  consistent  with  Eq.  (33). 

The  mean  specific  humidity  gradient  in  each 
run  was  negative.  Thus  the  humidity  flux  was 
down  the  gradient,  suggesting  the  eddy  diffusivity 
parameterization 

w~q=-KgP(Q/p),3.  (34) 

We  would  expect  Kq~w*Zi  in  the  mixed  layer,  and 
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Fig.  8.  The  mean  specific  humidity  gradient  in  the  AMTEX 
mixed-layer,  made  dimensionless  with  mixed-layer  scales,  as 
a  function  of  stability:  Symbols  as  in  Fig.  2. 


since  wq  scales  with  Mo  we  expect 

M0         m* 
p(0/p),a« « 

Wifii  Zi 


(35) 


in  the  mixed  layer.  This  is  tested  in  Fig.  8.  We  will 
ignore  the  possible  Zi/L  dependence  suggested  by 
Fig.  8,  since  the  data  are  limited,  and  simply  average 
over  the  runs,  finding 


p(Q/p),3=-5mJZi. 


(36) 


From  Eqs.  (28),  (29),  (30),  (33)  and  (36)  we  can 
write  the  dq  budget  [Eq.  (13)]  in  the  AMTEX  mixed 
layer  as 


(K+D)d,jq,j=  (mtW^JziftSA  (1  -0.5z/zt) 

+5(l-1.5z/z,)+5.6(l-z/z1)].     (37) 

Here  the  parameter  A  =  (0.6l€>M0/pQo)  is  the  ratio 
of  the  moisture  and  sensible  temperature  contribu- 
tions to  the  surface  virtual  temperature  flux.  For  the 
AMTEX  data  A  varied  between  0.15  and  0.40. 

Note  that  the  right  side  of  Eq.  (37)  changes  sign 
in  the  mixed  layer.  The  height  zc  where  this  occurs 
depends  only  weakly  on  A,  and  for  the  AMTEX 
conditions  one  finds  from  Eq.  (37)  that  zc~0.8  z,.  Thus 
the  molecular  destruction  term  also  changes  sign  at  zc. 

Our  parameterized  AMTEX  dq  budget,  drawn  for 
^4=0.25,  is  shown  in  Fig.  9.  Note  that  molecular 
destruction  is  large  over  much  of  the  mixed  layer. 

Whether  our  parameterizations  hold  as  well  for  any 
mixed  layer  cannot  be  answered  now.  It  seems  neces- 
sary to  examine  in  more  detail  the  structure  in  the 
entrainment  region  near  Zi  and  to  examine  the  behavior 
of  the  mean  profiles  in  other  flows.  The  recent  work 
by  Zeman  and  Tennekes  (1977)  should  provide  a 
useful  framework  for  analyzing  entrainment  region 
structure.  Possible  starting  points  for  mean  profile 
analysis  are  the  vertical  budgets  of  wd  and  wq.  Dear- 
dorff  (1972)  has  shown  that  the  wd  budget  can  ex- 


379 


54 


JOURNAL    OF    THE    ATMOSPHERIC    SCIENCES 


Volume  35 


0.8 

0.7 

0.6 

0.5 

0.4 

0.3- 

0.2- 


0.1 


/ 


Molecular  Temperature 

Destruction        Gradient 
_i_j ,      I     Production    , 


-i r— i r- 


1  s\\. 

Humidity  f 

Gradient     Transport 


-5  0 

Budget  Term  X  Zj/(w.m.#.) 


Fig.  9.   The  parameterized  8q  budget  in  the  AMTEX  mixed 
layer  for  A  =0.25=  (0.61  ©  M0/pQo)- 


plain  the  slightly  positive  0,3  values  observed  in  very- 
unstable,  dry  mixed  layers  and  possibly  the  wq  budget 
would  give  similar  insight  into  the  behavior  of  (Q/p),3 
in  the  moist  case. 

b.  Relationship  to  boundary  layer  growth 

We  will  now  show  that  our  parameterized  flux 
profiles  [Eqs.  (29)  and  (30)J  when  combined  with 
jump  relations  at  z,  give  reasonable  values  for  the 
entrainment  velocity  and  the  jump  in  radiative  flux 
at  Zi.  Following  Lilly  (1968),  Lenschow  (1973)  and 
Deardorff  (1976)  we  assume  that  a  linearized  version 
of  the  equivalent  temperature  flux 


(38) 


and  the  total  water  (water  vapor  plus  liquid  and 
solid  water)  flux  varies  linearly  with  height  through- 
out the  mixed  layer  in  both  clear  and  cloudy  air 
except  near  the  top.  In  the  upper  hundred  meters 
or  so  of  cloud  layers,  longwave  radiative  flux  diver- 
gence may  cause  a  more  rapid  decrease  in  the  equiva- 
lent temperature  flux.  Substituting  Eqs.  (29)  and  (30) 
into  (38),  and  using  the  observed  values  of  Q0  and  M0, 
yields 


w8e=Q0e(l-0.73z/zi). 


(39) 


Entrainment  of  air  into  the  mixed  layer  results  in 
a  nearly  discontinuous  jump  in  the  fluxes  across  the 
turbulent  inversion  layer  capping  the  mixed  layer. 
According  to  Lilly  (1968),  the  jump  relations  for  total 
water  (water  vapor  plus  liquid  and  solid  water)  and 


for  temperature  across  the  top  of  the  mixed  layer  are 

wMQ+Lw)  =  -w{q+\w)Zi  (40) 

weeA<dv=-(wdv)ii  (clear  air),        (41) 

0 

wesA®e=-(wde)zi AR     (cloudy  air),     (42) 

T 

where  we,  wec  and  wes  are  the  total,  clear  air  and 
cloudy  air  entrainment  velocities,  respectively  (posi- 
tive for  entrainment  of  air  from  aloft  into  the  mixed 
layer),  lw  is  the  water  substance  fluctuation,  A(Q+LW) 
is  the  jump  in  total  water  across  the  mixed-layer  top 
and  AR  is  the  jump  in  radiative  flux. 

Using  the  observed  average  values  of  M0=0.17  g 
m-2  s_1  and  A{Q-\-Lw)=  —  2.4  g  m-3,  and  evaluating 
Eq.  (40)  with  the  aid  of  Eq.  (30),  we  have  we= 0.035 
m  s~l.  Substituting  Eqs.  (29)  and  (30)  into  the  virtual 
potential  temperature  flux  equation  and  using  the 
observed  values  of  Q0  and  M 0  gives 


wdv  =  Qov(l  —  1.3z/zi). 


(43) 


The  observed  values  of  Qov  and  A®v  are  0.13  m  s_1  K 
and  2.7  K,  respectively;  therefore,  wec  =  0.014  m  s-1. 
The  radiative  flux  term  AR  in  Eq.  (42)  is  the  most 
difficult  term  to  estimate.  Therefore,  we  solve  Eq.  (42) 
for  AR.  On  the  basis  of  flight  observations  we  estimate 
the  cloud  cover  at  50%.  From  the  estimates  of  we 
and  weC)  we  obtain  wes  =  0.056  m  s-1.  Using  the  ob- 
served values  of  Q0e=OA5  m  s_1  K  and  A0e=  —  3.3  K, 
we  have  Ai?  =  0.06  m  s_1  K.  This  value  agrees  well 
with  values  calculated  with  Sasamori's  (1968)  radia- 
tion model  using  the  observed  temperature  and  hu- 
midity profiles. 

Lilly  (1968)  suggested  that  a  solid  layer  of  strato- 
cumulus  cannot  persist  for  A0«^O,  while  Deardorff 
(1976)  allowed  for  negative  values  of  A0e  (but  not  as 
large  as  those  observed  in  AMTEX)  due  to  water  sub- 
stance loading.  These  results  are  consistent  with  the 
observations  of  scattered  to  broken  decks  of  strato- 
cumulus. 

Inhomogeneity  of  cloud  cover  may  also  be  reflected 
in  inhomogeneous  boundary  layer  structure.  In  the 
foregoing  discussion  we  have  assumed  that  the  mea- 
sured fluxes,  profiles  and  boundary  layer  heights  are 
representative  of  both  cloudy  and  clear  areas.  LeMone 
and  Pennell  (1976)  suggest  that  wide  variations  in 
humidity  flux  profiles  related  to  variations  in  cloud 
cover  exist  in  the  trade  wind  boundary  layer. 

6.  Molecular  destruction  and  the  d-q  cospectrum 

Our  data  indicate  clearly  that  the  Oq  budget  is 
balanced  by  molecular  destruction.  Under  local  isot- 
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2(K+D)0,jq,i=6(K+D)B,1q,1 

=  (6K+D){    Ki2CoTq(ici)dKi.     (44) 
Jo 

It  follows  from  scaling  arguments  (Tennekes  and 
Lumley,  1972)  that  the  integral  in  Eq.  (44)  must 
receive  its  dominant  contributions  from  wavenumbers 
of  the  order  of  if1.  Thus  at  smaller  ki,  Cop,  cannot 
fall  faster  than  «i-2. 

Evidently  then  the  maintenance  of  6q  occurs  in  a 
fashion  somewhat  analogous  to  that  for  02  or  q2.  The 
general  features  of  scalar  spectral  dynamics  are  under- 
stood: production  occurs  at  large  scales,  inertial 
transfer  carries  the  scalar  variance  to  smaller  scales, 
and  molecular  destruction  occurs  at  the  smallest 
scales.  Corrsin  (1951)  argued  that  the  temperature 
spectrum  <J>r  in  the  inertial  range  behaves  as 


*r— ■  *r(e,K,e»), 


(45) 


where  e  is  the  dissipation  rate  of  turbulent  kinetic 
energy  per  unit  mass  and  e»  the  corresponding  quan- 
tity for  02.  This  leads  to  the  well-tested  expression  for 
the  one-dimensional  spectrum 


#r=, 


fie-Wr5'3, 


(46) 


where  /3i~0.4  (Champagne  et  al.,  1977). 

We  extend  Corrsin's  argument  to  the  inertial  range 
of  the  B-q  spectrum : 


Cor,=  Cor9(e,«,ej9), 
where  the  destruction  rate  eeg  is 


e9q  =  2(K+D)e,jq,j. 


(47) 


(48) 


Thus  we  predict  for  the  one-dimensional  cospectrum 

(49) 


Cor«=7ie  i^q«i  5/3> 


where  71  is  a  constant.  However,  the  arguments  given 
by  Zeman  and  Lumley  (1976)  suggest  71  could  vary 
with  the  molecular  diffusivities  K  and  D,  if  they  differ. 
We  calculated  40  6-q  cospectra  from  the  AMTEX 
data,  each  from  runs  about  18  km  long.  They  are 
corrected  for  the  inertial-range  phase  shift  mentioned 
in  Section  2  by  multiplying  by  [|i?(/)  |cos<£]_1,  where 
R(f)  is  the  (complex)  frequency  response  function 
obtained  from  the  Fourier  transform  of  Eq.  (8)  and 
<b  is  the  phase  angle  of  R(f),  using  values  of  ti=0.03  s 
and  r2=1.15  s.  This  correction  assumes  the  inertial 
range  is  locally  isotropic  and  hence  that  the  6-q  quadra- 
ture spectrum  vanishes  there.  Fig.  10  is  an  example 
of  the  6-q  cospectum  before  and  after  applying  this 
correction.  The  corrected  cospectrum  has  an  extensive 
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Fig.  10.  Frequency  cospectrum  of  humidity  (meafured  with 
a  Lyman-alpha  hygrometer  and  adjusted  for  the  observed  time 
delay)  and  potential  temperature  measured  on  the  Electra 
aircraft.  Dashed  line  has  been  corrected  for  both  phase  shift 
and  attenuation  introduced  by  the  thermometer.  Both  variables 
are  filtered  with  a  4-pole  Butterworth  analog  filter  with  a  10  Hz 
cutoff.  The  data  were  obtained  from  1344:26  to  1421:45  LT 
19  February  1975,  at  150  m  height  over  the  East  China  Sea. 

inertial  range  in  agreement  with  Eq.  (49)  if  Ki=2irf/U 
by  Taylor's  hypothesis. 

Friehe  et  al.  (1975)  also  show  a  6-q  cospectrum  with 
a  «f5/3  inertial  range.  Friehe  (private  communication) 
has  also  calculated  the  0-q  cospectrum  for  the  Min- 
nesota 1973  data  reported  by  Champagne  et  al.  (1977). 
It  too  has  a  /cf5/3  inertial  range;  in  addition,  we  were 
able  to  estimate  that  71  ~  0.5-0.6  by  using  the  surface 
layer  6q  budget  [Eq.  (24)3  to  estimate  e»,. 

Our  theory  indicates  that  the  k,""5/3  range  in  the  6-q 
cospectrum  should  be  as  extensive  as  that  for  the 
temperature  (or  humidity)  spectrum.  Data  do  not 
show  this,  probably  because  of  instrumental  attenu- 
ation; it  is  very  difficult  to  make  fast-response,  closely 
spaced  6  and  q  measurements. 


Fig.  11.  Molecular  destruction  rates,  made  dimensionless  with 
mixed  layer  scales,  from  AMTEX.  The  solid  curve  is  from  the 
parameterized  budget  (Fig.  9).  Symbols  as  in  Fig.  2. 
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Fig.  12.  Cospectrum  of  6  and  q  for  24  February  1975  at 
z/zj  =  0.5.  Cospectral  densities  are  weighted  by  frequency  so 
that  the  area  between  the  curve  and  the  x  axis  is  proportional 
to  the  covariance. 

It  was  not  possible  to  calculate  inertial  range  B-q 
cospectra  from  all  the  AMTEX  data  because  of  noise 
problems.  However,  those  available  were  used  for 
estimates  of  eeg,  using  Eq.  (49)  and  e  values  from 
the  inertial  range  velocity  spectra.  We  used  the  con- 
sensus /3i  value  (0.4)  for  71.  The  results  are  shown 
in  Fig.  11,  along  with  the  eeg  curve  from  our  Bq  budget 
parameterization  of  Fig.  9.  The  measured  teg  values 
seem  high  (compared  with  the  curve)  at  small  z/zif 
perhaps  because  our  parameterization  [Eq.  (33)']  of 
the  mean  potential  temperature  gradient  is  not  ac- 
curate there.  At  z/z,  near  0.1,  ©,3  could  still  be  slightly 
negative  (as  in  the  surface  layer),  rather  than  positive 
(as  in  the  mixed  layer).  Thus  the  temperature  gradient 
production  term  in  the  budget  could  be  smaller  in 
magnitude  or  even  of  the  opposite  sign  near  z~0.1  z,- 
'  than  indicated  in  Fig.  9.  If  so,  the  parameterized 
molecular  destruction  should  have  larger  magnitude 
there,  and  hence  would  agree  better  with  the  data 
of  Fig.  11  at  small  z/zi.  Overall,  however,  the  mea- 
sured teg  values  are  consistent  with  the  parameterized 
curve,  giving  support  to  our  inertial  range  cospectral 
prediction  of  Eq.  (49)  with  71— 0.4-0.6. 

Large  eddies  complicate  the  B-q  cospectra  (and  hence 
the  relationship  between  6q  and  e$g),  particularly  - 
around  zc,  the  level  at  which  the  right-hand  side  of 
the  parameterized  6q  budget  in  Eq.  (37)  changes  sign. 
A  B-q  cospectrum  for  z/zt  =  0.5  appears  in  Fig.  12. 
Note  that  the  low-frequency  end  of  the  cospectrum 
is  of  opposite  sign  from  the  higher  frequency  inertial 
subrange.  This  behavior  probably  reflects  the  down- 
ward transport  of  warm  dry  entrained  air  by  kilometer- 
scale  eddies.  It  also  suggests  an  explanation  for  the 
difference  between  zc  and  the  height  of  the  Bq  zero 
crossing  in  Fig.  4.  These  heights  would,  of  course, 
be  the  same  if  B  and  q  were  correlated  in  the  same 
sense  at  all  frequencies. 


7.  Structure  parameters 

Structure  functions  are  related  to  spectra  through 
Fourier  transforms  (Tatarskii,  1971)  so  the  structure 
parameters  are  proportional  to  inertial-range  spectral 
levels.  If  we  consider  one-dimensional  spectra  of  tem- 
perature and  humidity,  scaled  so  that 


»-/     *r(*i)&i, 
Jo 

'=/    *< 
Jo 


(50) 


{n\)dKi, 


then  in  the  inertial  range  (Wyngaard  et  al.,  1971b) 

$r  =  0.25Cy<cr5/3 
*9=0.25CYKf5/3 


(51) 


Thus  Eq.  (49)  implies  that  the  B-q  cospectrum,  scaled 
so  that 


Bq=f 
Jo 


CoTg(Kl)dKl 


(52) 


(53) 


has  an  inertial  range 

Corg=0.25Cr,Kr5/3- 
Thus  we  can  relate  Crq  to  other  properties, 

Cr,  =  47ie-*69„  (54) 

in  analogy  to  the  well-known  results  for  Cr2  and  Cg2: 

Cr2  =  4^1e-*e9 
C7  =  4/3ie-*«9 


(55) 


Eq.  (54)  provides  the  basis  for  describing  the 
behavior  of  Crg  in  the  boundary  layer.  Previous 
research  has  revealed  the  behavior  of  e  both  in  the 
surface  layer  and  in  the  mixed  layer  (Lenschow,  1974; 
Kaimal  et  al.,  1976).  Our  Bq  budget  results  here  give 
considerable  insight  into  the  behavior  of  e«,  in  the 
same  regions. 

Acknowledgments.  We  wish  to  acknowledge  the  ex- 
cellent support  of  the  NCAR  Research  Aviation 
Facility  in  operating  the  aircraft  and  data  recording 
system.  We  also  wish  to  thank  Yunn  Pann  of  NCAR, 
who  did  much  of  the  programming  and  data  processing 
on  which  the  computations  are  based.  We  are  also 
grateful  to  Jeanette  Trebing  of  CIRES  for  her  flawless 
typing  of  the  manuscript,  and  to  Carl  A.  Friehe  for 
supplying  the  Minnesota  data  used  here. 


382 


January  1978 


WYNGAARD,     PENNELL,     LENSCHOW    AND     LeMONE 


57 


APPENDIX 

List  of  Symbols 

Roman  symbols 

A  a  parameter  in  Eq.  (43)  [=  (0.61  ®M0/pQo)] 

Cp        specific  heat  at  constant  pressure  for  air 

C         specific  heat  at  constant  volume  for  air 

Cn2,  Ct2,  Cq   structure  parameters  for  refractive  index, 

temperature  and  water  vapor  density,  respec- 
tively 
Ctq       joint  temperature-humidity  structure  parameter 
Corq    one-dimensional  cospectrum  of  temperature  and 

humidity 
D         molecular  diffusivity  for  q 
f  frequency  (Hz) 

g  acceleration  of  gravity  (9.8  m  s~~2) 

h  scale  height 

k  von  Karman  constant,  taken  as  0.35 

K         molecular  diffusivity  for  6 
I  turbulence  integral  scale 

L  Monin-Obukhov  length  [=  (—u^T/kgQov)] 

lw         fluctuating    water    substance    density    (liquid 

-Holid) 
Lw       mean  water  substance  density  at  a  given  level 

(liquid  and  solid) 
m*        mixed-layer  scaling  parameter  for  moisture  flux 

[see  Eq.  (25)] 
M0       surface  moisture  flux  [=  {wq)o] 
n  fluctuating  refractive  index 

q  fluctuating  absolute  humidity  (g  m-3) 

q*         surface  layer  scaling  parameter  for  humidity 

flux  (see  Eq.  14) 
Qo        surface  temperature  flux  [=  (w0)o] 
Q  at  a  given  level,   mean  water  vapor  density 

(g  m~3) 
r  separation    distance    between    unprimed    and 

primed  quantities  in  Eq.  (2) 
r$q        correlation  coefficient  between  6  and  q 
T  mean  temperature 

r*        surface   laver    temperature   scaling   parameter 

[see  Eq.'  (14)] 
/  time 

w*         friction  velocity  [see  Eq.  (14)] 
Uj         fluctuating  velocity  component  in  they  direction 
Uj        mean  velocity  component  in  j  direction 
w  fluctuating  vertical  velocity 

w+        mixed-layer    velocity    scaling    parameter    [see 

Eq.  (25)] 
we        entrainment  velocity 
x  position    vector    in    Eq.     (2)     for    unprimed 

quantities 
x+r     position  vector  in  Eq.  (2)  for  primed  quantities 
z  height 

Zi  inversion  height 


Greek  symbols 

/Si         one-dimensional  scalar  spectral  constant  [Eq. 

(46)] 
y  for  air,  ratio  of  Cp/Cv 

Yi         temperature-humidity  cospectral  constant  [Eq. 

(49)] 
A  jump  in  a  property  across  2, 

e  dissipation  rate  for  turbulence  kinetic  energy 

tq,  e«,  eeq    dissipation  rates  for  q2,  62  and  6q,  respectively 
7/  Kolmogorov  microscale 

6  fluctuating  temperature 

6*         mixed-layer  temperature  scaling  parameter  [see 

Eq.  (25)] 
0         mean  potential  temperature 
p  mean  air  density 

ti,  t2    time  constants  in  Eq.  (8) 
<i>h         dimensionless  mean  temperature  gradient 
<f>q         dimensionless  mean  moisture  gradient,  assumed 

equal  to  <j>h 
$t,  $8  one-dimensional  power  spectra 


Subscripts  and  superscripts 


(). 

()o 
()' 
()« 

Ok 


saturated 
surface  value 
at  position  x+r 
equivalent 
virtual 
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Ocean  Surface  Currents 
Mapped  by  Radar 

Mobile  coastal  units  can  map  variable  surface  currents 
in  real  time  to  70  kilometers,  using  ocean  wave  scatter. 
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comparison  of  the  radar  measurements  with  the  drifter  measurements,  and 
are  reflected  in  Figure  7  and  its  descriptive  text. 
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the  receiver  to  tens  of  kilometers.  Sur- 
face currents  have  been  measured  by 
tracking  floating  objects.  Qualitative  es- 
timates can  be  obtained  by  photograph- 
ing the  dispersal  of  dye  packages  from  an 
aircraft,  or  by  analyzing  satellite  infrared 
and  optical  imagery  of  suspended  sedi- 
ment (to  a  coarser  area  scale)  (2).  Quan- 
titative measurements  are  made  by  pho- 
tographically recording  the  positions  of 
time-released  floats  dropped  from  the 
air,  as  described  by  Richardson  et  al.  (J), 
or  by  tracking  a  drifting  drogue  buoy 
from  a  ship  (/ ).  In  the  latter  case,  a  high- 
precision  navigation  system  is  required 
on  the  ship  to  accurately  establish  the 
drift  of  the  buoy.  Operations  with  air- 
craft or  ships  are  both  expensive  and 
time-consuming  for  the  meager  amount 
of  current  data  obtained  (one  vector  over 
a  period  of  about  1/2  hour).  The  velocity 
accuracy  of  these  float-locating  tech- 
niques appears  to  be  of  the  order  of  10  to 
15  centimeters  per  second  in  magnitude 
and  5°  in  angle  (2).  The  location  of  such 
drogues  by  triangulation,  using  high-fre- 
quency (HF)  surface-wave  emissions 
from  the  buoy,  is  described  in  (J);  al- 
though such  drogues  are  inexpensive 
($175),  the  positional  accuracy  deterio- 
rates with  distance  from  shore,  making 
this  an  unacceptable  alternative  near  the 
edge  of  the  continental  shelf. 

We  discuss  here  a  coastally  located 
HF  radar  system  that  can  measure  and 
map  near-surface  currents  to  ranges 
about  70  kilometers  from  shore.  This  in- 
strument deduces  current  velocity  from 
the  echoes  scattered  continuously  from 
the  ocean  waves;  buoys  and  drifters  are 
not  required.  The  radar  units  were  built 
to  be  transportable  and  quickly  deploy- 
able  on  a  beach.  A  minicomputer  con- 
trols the  radar  and  processes  the  signals, 
permitting  a  current-vector  map  to  be 
plotted  in  the  field  after  1/2  hour  of  opera- 
tion. Two  spatially  separated  radar  units 
are  presently  employed,  simultaneously 


Currents  within  1  meter  of  the  ocean 
surface  are  highly  variable,  being  driven 
by  geostrophic  forces  and  tides,  but  are 
strongly  influenced  by  the  local  surface 
wind  and  wave  fields.  These  currents 
transport  floating  matter  and  thus  are  of 
great  importance  in  coastal  areas,  where 
considerable  damage  can  be  done  by  sur- 
face-borne pollutants  and  oil.  In  the  case 
of  the  large  oil  spill  by  the  tanker  Argo 
Merchant  off  New  England  in  December 
1976,  for  example,  catastrophic  environ- 
mental damage  was  averted  because 
strong  offshore  winds  counteracted  the 
normal  surface-current  drift  toward 
shore.  In  a  positive  vein,  the  upper  por- 
tion of  the  sea  carries  the  zooplankton 
and  phytoplankton,  which  are  the  domi- 
nant components  at  the  bottom  of  the 
food  chain  and  are  responsible  for  pro- 
duction of  most  of  the  world's  oxygen. 
Many  types  offish  eggs  are  borne  by  sur- 
face currents,  which  are  therefore  of 
concern  to  the  fisheries  industry.  The 
transport  of  water  with  anomalous  tem- 

The  authors  are  scientists  with  the  Sea  State  Stud- 
ies Area  of  the  Wave  Propagation  Laboratories,  En- 
vironmental Research  Laboratories,  National  Oce- 
anic and  Atmospheric  Administration,  Boulder,  Col- 
orado 80302. 


perature  differences  is  now  believed  to 
be  responsible  for  unusual  weather  pat- 
terns affecting  entire  continents. 

Near-surface  current  patterns,  and 
how  they  respond  locally  to  the  relevant 
prevailing  forces,  are  a  subject  that  is 
largely  unknown.  Yet  the  subject  is  a 
crucial  ingredient  for  the  effective  man- 
agement of  operations  in  coastal  waters, 
and  an  increasingly  important  input  for 
global  resource  monitoring  and  weather 
predictions. 


Current  Measurements 

In  conventional  methods  of  measuring 
currents  moored  meters  are  used;  the 
most  recent  types  are  referred  to  as  vec- 
tor-averaging current  meters  and  the 
Aanderaa  meter  (/).  These  devices  must 
be  moored  at  depths  exceeding  10  m,  and 
thus  provide  little  indication  of  the  cur- 
rent at  the  surface,  which  is  often  dif- 
ferent. Furthermore,  data  must  be  either 
recorded  aboard  the  buoy  (to  be  picked 
up  later  for  analysis)  or  telemetered  to 
shore;  the  instrumentation  for  the  latter 
often  restricts  the  operating  range  from 
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but  independently,  in  order  to  yield  the 
total  current  vector  at  each  map  grid 
point. 

The  principles  underlying  the  system 
have  been  studied  theoretically  and  ex- 
perimentally over  the  past  several  years. 
The  motion  of  the  waves  is  seen  by  the 
radar  as  a  translation  of  the  frequency  of 
the  received  echo  signal  from  that  of  the 
transmitted  signal;  this  frequency  trans- 
lation is  called  the  echo  Doppler  shift. 
The  radar  can  thus  resolve  and  measure 
the  component  of  scatter  velocity  along 
the  line  between  the  scatterer  and  the  ra- 
dar, referred  to  as  the  radial  velocity. 
Crombie  (4)  first  showed  experimental- 
ly— and  it  was  later  confirmed  theo- 
retically (5) — that  to  first  order  the 
scatterers  at  high  frequency  are  ocean 
wave  trains  moving  toward  and  away 
from  the  radar,  having  spatial  periods 
precisely  one-half  the  radar  wavelength. 
Thus  the  scattering  mechanism  is  the  dif- 
fraction grating  or  Bragg  effect  used  in 
holography  or  in  x-ray  analysis  of  crys- 
talline structures.  The  spectrum  of  the 
continuous-wave  transmitted  signal  is  a 
narrow  peak  at  the  carrier  frequency 
location,  as  shown  in  Fig.  1.  In  the 
absence  of  current,  the  received  first- 
order  sea  echo  appears  as  two  symmetri- 
cally spaced  peaks  about  the  carrier, 
whose  Doppler  shifts  are  given  by  the 
lowest-order  dispersion  relation  of  the 
scattering  gravity  waves;  that  is 


±  U  -  2rPhA  - 

2(j?L/27t)"2A  =  (j?/7r\)"2 


(I) 


where  A  is  the  radar  wavelength, 
L  =  A/2  is  the  length  of  the  ocean  waves 
responsible  for  the  first-order  Bragg  scat- 
tering, rph  is  the  phase  velocity  of  these 
waves,  and  g  is  the  gravitational  con- 
stant. 

A  current  beneath  the  surface  waves 
represents  a  transport  of  the  water  mass, 
and  can  be  thought  of  as  a  translation  of 
the  entire  coordinate  frame  for  the  waves 
with  respect  to  the  observer  at  the  sta- 
tionary radar  on  shore.  Hence  the  two 
spectral  peaks  scattered  from  the  waves 
will  be  shifted  (with  respect  to  the  posi- 
tion of  the  carrier  frequency)  by  a  small 
amount  proportional  to  the  radial  com- 
ponent of  current  velocity,  as  shown  at 
the  bottom  of  Fig.  1.  This  amount  is 
A/ =  2iCr/A,  where  vcr  is  the  mean  ef- 
fective current  velocity  radial  to  the  ra- 
dar. In  (6),  radar-deduced  radial  current 
observations  were  compared  with  drifter 
measurements  of  currents  at  San  Cle- 
mente  Island;  the  narrow  radar  beam  and 
short  pulse  kept  the  ocean  patch  size  un- 
der observation  to  about  7  by  7  km.  The 
agreement  was  about   ±  10  cm/sec.   In 


these  investigations  (6,  7)  the  effect  of  a 
nonuniform  current  on  the  transport  of 
the  radar-observed  surface  waves  was 
also  analyzed  as  a  function  of  depth. 

Experiments  such  as  those  at  San  Cle- 
mente  Island  (6,  7),  resolving  the  sea 
echo  from  narrow  azimuthal  sectors  at 
high  frequency,  require  long  permanent 
phased-array  antenna  systems  (>  300  m) 
on  the  beach  to  form  a  narrow  beam. 
When  one  considers  typical  current  pat- 
terns and  the  various  echo-signal  Dop- 
pler shifts  they  would  produce  at  dif- 
ferent azimuths  from  the  radar,  one  can 
conceive  of  much  smaller,  simpler  an- 
tenna systems  for  determining  the  direc- 
tion of  arrival  of  the  echo.  For  example, 
by  comparing  the  phase  between  two 
noninteracting  antennas  separated  by 
less  than  one-half  wavelength,  one  can 
uniquely  determine  the  direction  of  ar- 
rival over  180°  of  space  of  a  single  signal 
at  a  given  Doppler  shift.  Crombie  (8) 
showed  that  this  simple  two-antenna  sys- 
tem was  adequate  to  azimuthally  resolve 
sea-echo  signals  from  Florida,  looking 
eastward  across  the  south-to-north  Gulf 
Stream  current  flow. 


Concepts  Behind  the  Present  System 

Because  seawater  is  nearly  a  perfect 
conductor  at  high  frequency  (3  to  30 
megahertz),  the  "ground-wave"  propa- 
gation mode  is  employed  (9).  In  this 
mode,  vertically  polarized  electric  fields 
are  transmitted  and  received.  The  propa- 
gating fields  at  these  frequencies  follow 
the  curvature  of  the  earth  and  continue 
well  into  the  shadow  region  beyond  the 


horizon,  even  in  the  absence  of  atmo- 
spheric and  ionospheric  refractive  index 
anomalies.  Mathematical  solutions  for 
the  ground  wave — corrected  to  include 
the  effects  of  sea-surface  roughness  (9) — 
are  available.  They  show  that  (i)  near  the 
radiating  source,  the  field  decays  with 
the  expected  inverse  range  dependence 
of  free  space,  and  (ii)  far  into  the  shadow 
region,  the  fields  near  the  surface  decay 
exponentially  with  range.  This  exponen- 
tial range  dependence  ultimately  dictates 
the  maximum  distance  at  which  currents 
can  be  observed  for  a  particular  trans- 
mitted power.  For  the  hardware  de- 
scribed in  the  next  section,  the  maximum 
range  for  the  system — allowing  for  a  10- 
decibel  signal-to-noise  ratio  (S/N)  at  the 
receiver  (10) — is  about  70  km;  this  has 
been  verified  in  our  recent  experiments, 
which  are  discussed  below. 

Although  the  system  does  not  employ 
ionospheric  or  atmospheric  refraction  to 
propagate  beyond  the  horizon,  it  is  in- 
correct to  call  it  a  "line-of-sight"  radar 
(as  is  a  microwave  radar).  In  fact,  trying 
to  increase  the  useful  range  of  the  radar 
by  elevating  the  antennas  (in  order  to  in- 
crease the  distance  to  the  horizon)  is 
counterproductive,  because  there  is  a 
discontinuity  in  the  propagation  path  in 
free  space  between  the  antennas  and  the 
highly  conducting  seawater.  We  have  es- 
tablished this  fact  theoretically  and  also 
experimentally,  by  trying  to  put  the  an- 
tennas on  roofs  of  buildings  (but  back 
several  hundred  meters  from  the  water) 
to  increase  the  range.  We  have  found 
that  the  optimal  locations  for  the  an- 
tennas are  at  sea  level  on  the  beach,  as 
close  to  the  water  as  possible;  in  fact,  it 
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Fig.  1.  Sketch  showing  the  principles  of  first-order  HF  Bragg  scatter  from  the  sea,  and  resulting 
signal  echo  spectra  without  and  with  an  underlying  current. 
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is  best  if  the  grounding  system  beneath 
the  antennas  .makes  electrical  contact 
with  the  seawater. 

A  separate  antenna  is  used  for  trans- 
mitting. It  produces  a  slightly  directional 
pattern,  peaked  out  toward  the  sea,  with 
a  half-power  beam  width  of  ±90°;  its  radi- 
ation in  the  backward  direction  is  —  10 
db  lower  than  that  in  the  forward  direc- 
tion, which  minimizes  unwanted  illumi- 
nation over  land.  As  with  nearly  all  ra- 
dars, time  gating  of  the  received  signal 
echo  referenced  to  the  transmitted  pulse 
time  determines  the  range  to  the  sea 
echo.  Our  system  transmits  a  20-micro- 
second  unmodulated  pulse  and  digitizes 
the  received  echo  signal  every  20  micro- 
seconds after  transmission.  The  signal 
sample  from  each  range  (time)  gate  thus 
represents  the  echo  from  an  annulus  of 
the  sea  surface  3  km  in  width,  concentric 
with  the  radar  location.  A  total  of  25  con- 
secutive range-gated  signals  are  thus  re- 
tained for  every  transmitted  pulse,  pro- 
viding a  total  distance  of  about  75  km 
from  the  radar.  The  transmitted  pulse 
repetition  interval  is  1  millisecond. 

Since  echo-signal  Doppler  shifts  are  to 
be  related  to  current  velocities,  the  time 
series  for  each  range  gate  is  spectrally 
processed.  This  is  done  digitally  at  the 
radar  site  with  a  fast  Fourier  transform 
(FFT)  algorithm.  Appropriate  digital  fil- 
tering of  the  signals  is  performed  before 
the  FFT  to  prevent  spectral  aliasing  and 
to  maximize  S'/N.  Since  the  sea  surface  is 
a  random  variable,  the  sea  echo  is  also  a 
random  variable.  In  fact,  each  spectral 
power  point  output  from  the  FFT  is  an 
independent  random  variable,  following 
a  chi-square  distribution  with  two  de- 
grees of  freedom  (/  / ). 

In  the  first  series  of  experiments,  three 
colinear  independent  receiving  antennas 
were  employed.  The  received  signal  was 
sampled  on  each  antenna  separately  and 
sequentially  for  each  transmission  every 
millisecond,  with  the  other  two  antennas 
switched  open  to  minimize  mutual  inter- 
actions. Therefore  the  FFT  outputs  from 
the  three  antennas  (for  a  given  range 
gate)  can  be  thought  of  as  being  mea- 
sured simultaneously;  the  only  theoretical 
difference  between  the  signals  at  the  an- 
tennas is  due  to  the  phase  path  dif- 
ferences undergone  by  an  echo,  at  a  par- 
ticular Doppler  frequency  from  a  partic- 
ular direction,  arriving  at  the  different 
positions  of  the  three  elements.  Three 
antenna  elements,  each  separated  for  our 
first  experiments  by  one-quarter  wave- 
length (3  m  at  25  Mhz),  aligned  parallel  to 
a  straight  coastline,  can  unambiguously 
resolve  two  sea-echo  signals  at  a  particu- 
lar Doppler  frequency  from  180°  of 
space.  For  two  signals  with  complex  am- 


plitudes A,  and  At  from  angles  a,  and  a2 
(with  respect  to  the  perpendicular  to  the 
coastline),  the  three  complex  received 
voltages  VA,  VB,  and  Vc  can  be  solved  in 
closed  form  for  the  desired  angles  and 
amplitudes,  with  the  following  results 
(asterisks  denote  complex  conjugates) 


a,^  =  sin-1 
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Mhz  for  our  first  series  of  tests  (the  radar 
wavelength  of  12  m  is,  to  first  order, 
scattered  from  ocean  waves  with  a  6-m 
wavelength).  At  these  frequencies  atmo- 
spheric and  external  man-made  electrical 
noise  are  often  low,  being  equal  to  inter- 
nal electrical  receiver  noise,  whereas  at 
lower  frequencies  atmospheric  noise 
seen  by  the  radar  increases  sharply.  In 
addition,  antenna  sizes  also  increase 
with  decreasing  frequency,  requiring 
larger  structures  and  more  ground  area. 
On  the  other  hand,  ground- wave  propa- 
gation loss  decreases  with  decreasing 
frequency,  offsetting  the  noise  depen- 
dence. There  are  additional  reasons  for 
operating  at  higher  frequencies,  how- 

ever.    For    one 
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In  reality,  since  the  sea-echo  signal  am- 
plitudes A,  and  At  are  random  variables 
to  which  random  noise  is  added,  the  an- 
gles of  arrival  determined  from  Eqs.  2 
to  4  contain  a  random  error  that  de- 
creases with  increasing  S/N.  Extensive 
simulations  and  special  experiments 
have  shown  that  for  10-db  S/N,  such  an- 
gular errors  are  less  than  1°  for  \a\  <  70°. 
We  have  recently  changed  to  a  four- 
antenna  configuration  (arranged  in  a 
square)  to  resolve  two  signals  from  360°; 
this  permits  us  to  operate  the  radar  on  a 
peninsula  or  an  island  with  ocean  water 
subtending  more  than  180°  around  the 
site. 

Two  sites  are  required  to  obtain  two 
radial  current-vector  components  along 
lines  pointing  in  different  directions  in 
order  to  construct  a  total  current  vector 
at  a  particular  point  on  the  sea.  For  a 
straight  coastline,  the  question  arises  as 
to  how  far  apart  the  sites  should  be. 
Since  a  total  -current  vector  can  be  con- 
structed only  within  the  common  over- 
lapping areas  seen  by  both  sites,  it  is  de- 
sirable to  maximize  this  area  (by  moving 
the  sites  closer  together).  On  the  other 
hand,  as  the  sites  become  close  (super- 
posed in  the  limit),  they  see  most  points 
on  the  sea  in  the  common  area  along 
nearly  the  same  radial  direction,  which 
makes  construction  of  the  total  vector  in- 
accurate. Consequently,  we  defined  the 
optimization  criterion  for  site  separation 
as  the  product  of  the  common  coverage 
area  times  the  average  of  the  sine  of  the 
angle  between  the  lines  to  the  two  sites. 
This  product  has  a  broad  maximum,  in- 
dicating that  for  a  coverage  distance 
from  a  single  site  of  about  70  km,  a  site 
spacing  anywhere  between  25  and  55  km 
is  adequate. 

Various  trade-offs  were  considered  in 
selecting  the  frequency  range  25  to  26 


echoes  are  rarely  encountered,  whereas 
at  lower  frequencies  such  distant  echoes 
can  be  folded  in  with  the  desired  short- 
range  sea  return.  Two  other  important 
reasons  for  higher  frequencies  are  ocean- 
ographic  in  nature.  First,  the  Bragg-scat- 
tering  6-m  ocean  waves  are  relatively 
short  and  are  likely  to  be  present  more  of 
the  time  than  longer  waves,  which  re- 
quire stronger  winds  to  develop  them.  A 
wind  with  a  velocity  greater  than  3  m/sec , 
blowing  longer  than  1  hour,  will  develop 
6-m  waves  to  their  (equilibrium)  root- 
mean-square  height  of  -  10  cm.  Inas- 
much as  the  waves  are  used  only  as  a 
"tracer"  for  the  underlying  currents,  it  is 
desirable  that  they  be  present  as  often  as 
possible.  Second,  the  shorter  the  ocean 
waves  under  observation,  the  more  they 
are  influenced  by  currents  very  near  the 
surface.  A  rule  of  thumb  (6,  7)  is  that  the 
depth  of  the  layer  whose  current  will 
affect  a  surface  wave  of  length  L  is  L/27T 
(about  1  m  for  L  =  6  m).  Hence,  if  one 
wants  to  observe  currents  in  the  upper- 
most ocean  layers  by  measuring  their 
effect  on  the  phase  speeds  of  gravity 
waves,  he  should  use  as  high  a  radar 
frequency  as  possible.  These  factors  led 
us  to  select  25  to  30  Mhz  for  our  initial 
operations. 


Hardware  Description 

The  present  two-unit  radar  system  was 
designed  as  a  prototype  of  an  operational 
version,  with  considerably  more  flexibil- 
ity than  will  ultimately  be  needed,  in  or- 
der to  facilitate  changes  as  experience  is 
gained  in  the  field.  Yet  this  system  was 
built  to  be  transported  by  vehicle  (see 
Fig.  2),  easily  erected  on  a  beach,  and 
capable  of  being  operated  from  a  port- 
able power  supply  (a  2.2-kilowatt  gaso- 


387 


f     Rantvlng 
y%&  Antennas 


RECEIVER  AND  « 

SIGNAL  SYNTHESIZER- 


Transmitting  Antenna 


>   Q 


SYSTEM 
TIMING 


DIGITAL 


I  MINICOMPUTER^  C=l  ^°NTR01-  ' 


IoperatSS! 


^OUTPUT 


(DISPLAYS. 
»     RECORDERS)! 


Analog  Signals 


Digital  SlgnoJ* 


RF  Hardware 


Digital  Hardware 


Fig.  2  (left).  Sketch  of  the  system  as  operated  on  the  beach.  Trans- 
mitting antennas  are  on  the  left  and  receiving  antenna  on  the 
right.        Fig.  3  (right).  Block  diagram  of  radar  system. 


line  generator).  The  entire  radar  is  con- 
trolled by  a  minicomputer,  which  also 
does  the  signal  and  data  processing  in  the 
field.  The  end  result  is  a  map— drawn 
on  a  pen  plotter— of  the  surface-current 
vector  field. 

The  system  radiates  ~  2.5-kw-peak 
pulse  power,  as  a  stream  of  20-/*sec 
pulses  every  millisecond;  thus  the  aver- 
age radiated  power  is  only  50  watts.  The 
radar  is  presently  capable  of  transmitting 
any  operator-selected  frequency  be- 
tween 25  and  35  Mhz  (in  200-khz  in- 
crements), but  so  far  we  have  operated 
primarily  between  25  and  26  Mhz.  The 
transmitting  antenna  is  a  log-periodic 
vertical  monopole  array  of  three  (or  four) 
elements  designed  especially  for  this  ap- 
plication at  Lawrence  Livermore  Labo- 
ratories (12).  Both  versions  were  de- 
signed to  have  an  input  impedance  of 
~  50  ohms  (real)  from  25  to  27  Mhz;  the 
three-element  version  has  a  half-power 
beam  width  of  ±  90°,  while  the  four-ele- 
ment version  has  ±.  43°. 

The  individual  receiving  elements  are 
readily  available  fiberglass-encased  citi- 
zens-band whips  cut  to  a  height  of  1.575 
m  and  each  fed  against  a  quarter- 
wavelength,  four-element,  radial  ground 
screen.  The  three  (and  currently  four)  re- 
ceiving elements  are  aligned  on  the 
beach  with  a  tape  measure  and  compass. 
These  elements  are  each  connected 
through  one-half  wavelength  of  coaxial 
cable  to  a  switching  network  and  pre- 
amplifier box,  which  cycles  sequentially 
through  each  of  the  antennas  at  a  rate  of 
1  msec  per  antenna.  From  this  switch, 
the  signals  then  pass  through  a  single, 
preamplifier  and  coaxial  line  several  tens 


of  meters  in  length  to  the  receiver  hard- 
ware in  the  van.  From  the  antenna 
switch  onward,  the  signals  from  each  an- 
tenna pass  through  the  same  hardware, 
eliminating  mismatch  problems  through 
separate  channels.  The  entire  antenna 
system  can  be  unfurled  by  two  men  in 
about  1/2  hour. 

The  heart  of  the  radio-frequency  sys- 
tem is  the  receiver  (Fig.  3),  designed  by 
Barry  Research,  Inc.,  especially  for  this 
radar.  In  addition  to  its  obvious  function, 
the  receiver  also  synthesizes  the  desired 


carrier  frequency  and  the  pulse  stream  to 
be  transmitted.  This  stream  is  amplified 
in  hardware  designed  and  built  in-house. 
Every  20  usee,  the  receiver  gain  is 
changed  under  computer  control,  called 
a  sensitivity  time  control  (STC),  in  order 
to  compensate  for  the  decrease  of  echo 
strength  with  range.  The  echo  is  coher- 
ently mixed  down  to  zero-intermediate- 
frequency  in-phase  and  quadrature  (I 
and  Q)  signals.  These  I  and  Q  signals  are 
then  digitized  with  a  ten-bit  analog-to- 
digital  (A/D)  converter  every  20  jisec, 


Fig.  4.  Photograph  of  complete  radar  radio-frequency  and  digital  hardware. 
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and  all  subsequent  signal  processing  is 
done  digitally.  This  includes  filtering 
(called  preaveraging,  over  1/2  or  1/4  sec- 
ond) to  reduce  the  signal  bandwidth  to  2 
or  4  hertz.  The  Altered  signals  for  each 
range  gate  and  each  receiving  antenna 
are  then  collected  for  128  or  256  seconds 
as  the  input  to  a  512-point  complex  FFT; 
thus,  for  the  128-second  option,  for  ex- 
ample, the  displayed  spectrum  has  a 
Doppler  resolution  of  1/128  hertz  over  a 
window  from  -  2  to  +  2  hertz.  (These 
parameters  can  be  selected  by  the  oper- 
ator.) The  1/128-hertz  Doppler  resolution 
translates  into  a  radial  current  velocity 
resolution  of  ~  5  cm/sec. 

The  heart  of  the  digital  system  for  ra- 
dar control  and  data  processing  is  a  Digi- 
tal Equipment  Corporation  PDP  11/34 
minicomputer.  The  operator  communi- 
cates with  the  system  through  a  portable 
keyboard  terminal.  Moving-head  mag- 
netic disk  and  nine-track  magnetic  tape 
units  are  available  for  loading  system 
software  into  the  computer  and  also  for 
recording  and  archiving  processed  radar 
data.  Graphic  displays  and  pen  plotters 
are  available  to  display  raw  spectra  and 
current-vector  plots.  Further  description 
of  the  system  hardware  is  found  in  (JO);  a 
photograph  of  the  complete  digital  and 
radio-frequency  hardware  (excluding  an- 
tennas) for  one  site  is  shown  in  Fig.  4. 


Experimental  Results  and  Digital 
Data  Analysis 

Initial  field  operations  began  with  the 
new  radar  system  in  southern  Florida 
during  late  1976;  there  was  an  additional 
final  week  of  operations  in  Florida  from 
20  to  26  March  1977,  during  which  fairly 
extensive  independent  measurements  of 
surface  currents  were  made  for  com- 
parisons. The  Florida  area  was  selected 
for  initial  operations  and  system  calibra- 
tions because  of  the  fairly  regular  but 
strong  south-to-north  Gulf  Stream  flow 
east  of  Miami.  The  two  sites  were  lo- 
cated at  South  Miami  Beach  (20° 
46'00"N,80°07'58"W)  and  Fort  Lauder- 
dale (26°05'01"N,80°06'38"W),  approxi- 
mately 36  km  apart.  The  latitudes  and 
longitudes  of  the  two  sites  are  entered  in- 
to the  computer,  along  with  the  azi- 
muthal  bearings  of  the  two  receiving  an- 
tenna arrays.  The  software  then  calcu- 
lates the  x,  y  positions  of  a  rectangular 
grid  (3  by  3  km)  of  points  to  the  east  of 
the  baseline  joining  the  two  sites — at 
which  current  vectors  will  be  plotted 
from  the  radar  data — after  conversion 
from  the  radar-oriented  polar  coordi- 
nates (range  and  azimuthal  bearing  from 
each  site).  Most  of  the  measurements 


were  made  on  25.4  or  25.6  Mhz,  with  a 
128-second  coherent  integration  time 
(providing  a  Doppler  resolution  of  1/128 
hertz). 

The  output  of  a  single  FFT  is  a  com- 
plex random  variable,  having  Rayleigh 
amplitude  and  uniform  phase  probability 
densities.  The  desired  first-order  portion 
of  the  sea  echo  is  random  because  of  the 
statistical  nature  of  the  scattering  sea 
surface.  The  remaining  portion  of  the 
FFT  output  can  be  thought  of  a«  -idditive 
random  noise  with  respect  to  its  effect  on 
the  desired  first-order  signal.  In  reality, 
there  are  at  least  four  types  of  noise, 
originating  from  different  sources:  (i)  ex- 
ternal atmospheric  or  man-made  noise, 
(ii)  internal  receiver  noise,  (iii)  second- 
order  radar  sea  echo  (13),  and  (iv)  proc- 
essor noise  due  to  limited  system  dynam- 
ic range,  system  nonlinearities,  and 
quantization  noise.  Finally,  the  actual 
current  field  beneath  the  waves,  instead 
of  being  uniform,  is  more  likely  to  be 
somewhat  turbulent  within  the  spatial 
resolution  scales  seen  by  the  radar. 
Hence,  the  total  signal  plus  noise  is  ran- 
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Fig.  5.  Plot  of  FFT  spectral  power  output. 
The  black  spectrum  is  the  idealized  test  sea- 
echo  spectrum  in  the  absence  of  a  current. 
The  gray  spectrum  is  the  measured  sea  echo 
at  37.5  km  from  Fort  Lauderdale,  as  modified 
by  Gulf  Stream  current  shear. 
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dom,  and  from  this  we  intend  to  extract 
(i)  an  estimate  of  the  azimuth  angle  of  ar- 
rival of  the  signal  at  each  Doppler  fre- 
quency output  from  the  FFT,  (ii)  an  esti- 
mate of  the  radial  current  velocity  at  this 
range  and  azimuth,  and  (iii)  the  sea-echo 
signal  amplitude. 

Since  extraction  of  the  angle  of  arrival, 
using  the  equations  given  above,  re- 
quires the  use  of  coherent  simultaneous 
signals  from  each  of  three  (or  four)  re- 
ceiving antennas  for  a  given  range  cell, 
we  cannot  average  the  individual  outputs 
of  the  FFT's  in  order  to  reduce  the  ef- 
fects of  random  signal  fluctuation  and 
noise.  Instead,  we  go  through  the  follow- 
ing process.  Figure  5  is  an  example  of  the 
right  half  of  the  amplitude-squared  out- 
put of  the  FFT  processor  for  the  37.5-km 
range  gate  for  sea  echo  measured  at  Fort 
Lauderdale.  A  threshold  level  is  estab- 
lished for  the  usable  portion  of  the  signal 
(for  example,  20  db  down  from  the  mean 
peak  level),  and  the  remainder  of  the 
FFT  output  is  discarded.  The  solid  curve 
shows  the  expected  position  of  the  echo 
in  the  absence  of  any  current  over  the 
semicircular  range  cell;  it  occurs  at  a 
Doppler  shift /d  (Eq.  1).  All  echo  points 
at  Doppler  shifts  different  from  /d  are 
therefore  due  to  currents,  and  a  radial 
current  velocity  scale  centered  on/d  can 
be  given  in  terms  of  these  Doppler  shifts, 
as  shown  in  Fig.  5.  The  angle  of  arrival  of 
the  signal  at  each  of  these  Doppler  shifts 
(or  radial  current  velocities)  is  then  ob- 
tained from  the  complex  signals  VA,  VB, 
and  Vc  at  each  of  the  three  antennas,  us- 
ing Eqs.  2  to  4. 

At  this  point,  for  a  given  128-second 
run  and  for  each  range  gate,  we  have  an 
array  of  azimuth  angles  and  signal  echo 
amplitudes  as  a  function  of  radial  current 
velocity.  We  then  interchange  the  roles 
of  the  dependent  and  independent  vari- 
ables, considering  radial  velocity  as  a 
function  of  azimuth  angle.  After  accumu- 
lating and  storing  radial  velocity  data 
over  several  consecutive  128-second 
runs  (typically  ten),  we  then  average  the 
radial  velocities  that  fall  within  preset 
angular  "bins." 

This  averaging  is  actually  done  in  a 
manner  that  gives  preference  to  higher- 
quality  points.  First  of  all,  each  sample 
radial  velocity  point  in  a  particular  angu- 
lar bin  is  weighted  by  the  ratio  of  the  sig- 
nal (amplitude  squared)  to  the  average 
noise  power  level  for  that  same  point; 
higher  signal  amplitude  values  give  more 
accurate  angle  estimates.  Second,  other 
quality  factors  are  used  to  weight  the  ra- 
dial velocity  samples.  For  example,  in 
the  absence  of  noise,  the  amplitudes  of 
*iz  given  in  Eq.  4  will  always  be  unity. 
Hence  samples  whose  values  of  \xlA\  de- 
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Fig.  6  (left).  Computer-generated  map  of  the  Gulf  Stream 
current  on  20  October  1 976  as  deduced  by  radar.  Fig.  7 
(right).  Comparison  of  radar-deduced  surface  velocity  mag- 
nitude with  drifter  measurements. 


part  significantly  from  unity  are  weighted 
lower.  Finally,  the  signal-to-noise  ratios 
for  all  of  the  samples  in  a  particular  angu- 
lar bin  are  averaged;  this  is  used  in  a  final 
thresholding  process  to  decide  whether 
the  (weighted)  averaged  radial  velocity 
for  that  bin  will  ultimately  be  used.  If  it  is 
not  used  (because  the  signals  are  too 
low)  or  if  there  were  no  values  falling  in 
the  bin,  then  a  value  for  the  radial  veloci- 
ty at  that  angle  is  calculated  by  inter- 
polation from  the  adjacent  range-azi- 
muth cells. 

In  the  process  of  producing  a  map,  the 
data  from  both  sites  are  combined  (in  our 
case,  either  by  data  telemetry  between 
the  two  sites  or  by  physically  trans- 
porting the  data  tapes  from  one  site  to 
the  other).  Then  the  arrays  of  radial  cur- 
rent velocities  from  each  radar  site  to- 
gether with  range  and  azimuth  (in  polar 
coordinates)  are  entered  for  each  rec- 
tangular grid  point;  also,  direction  co- 
sines at  the  grid  point  are  calculated  for 
the  radial  lines  to  the  sites.  This  allows 
the  total  current  vector  to  be  plotted  at 
that  grid  point.  The  angular  sectors  very 
near  the  shore  are  sometimes  excluded 
because  the  nearly  parallel  radial  veloci- 
ties seen  from  each  site  at  these  grid 
points  give  rise  to  large  vector  errors;  in- 
tegration techniques  to  improve  the  qual- 
ity of  the  maps  near  shore  are  being  in- 
vestigated'. Figure  6  is  an  example  of  a 
map  made  in  Florida  by  using  these  data 
processing  steps.  The  well-known  hori- 
zontal shear  of  the  Gulf  Stream  (outward 
from  the  shore)  is  clearly  visible  in  these 
maps. 

The  point  to  be  emphasized  is  that  all 
of  the  averaging,  weighting,  and  thresh- 
olding procedures  described  above  are 
done  digitally  (not  arbitrarily  or  subjec- 
tively), according  to  rules  that  are  being 


optimized.  The  mathematical  steps  in- 
volved, beginning  with  the  angle  extrac- 
tion, are  nonlinear  in  nature.  Hence  it  is 
not  possible  to  obtain  mathematical  error 
estimates  in  closed  form.  The  opti- 
mization of  the  processing  algorithms 
must  therefore  be  based  on  two  methods 
of  quality  assessment.  First,  simulations 
are  employed  in  which  one  begins  with 
known  current  patterns,  randomizes  the 
first-order  sea-echo  spectrum,  adds  ran- 
dom noise,  converts  to  a  time  series,  and 
then  processes  this  simulated  echo  sig- 
nal to  see  how  well  the  original  current 
patterns  are  recovered.  We  have  been 
using  such  simulations  for  nearly  3  years 
to  arrive  at  our  present  algorithms.  Sec- 
ond, independent  measurements  of  sur- 
face currents  are  obtained  during  radar 
operations,  using  drifters  and  timed-re- 
leased floats.  Comparisons  of  these 
measurements  with  radar  data  are  the 
subject  of  the  next  section. 


Comparison  with  Drifters 

As  an  ultimate  calibration  standard, 
one  would  like  to  employ  independent 
measurements  of  near-surface  currents 
as  "ground  truth."  However,  since  dif- 
ferences of  tens  of  centimeters  per  sec- 
ond have  been  documented  in  drifter 
current  measurements,  there  is  consid- 
erable doubt  as  to  whether  dis- 
agreements of  this  order  between  drifter- 
and  radar-deduced  currents  are  due  to 
radar  errors  or  drifter  errors.  Further- 
more, the  two  techniques  are  so  dis- 
similar in  nature  that  there  are  many  rea- 
sons why  they  should  respond  dif- 
ferently to  conditions  near  the  surface. 
Nonetheless,  since  drifters  are  the  only 
established  quantitative  method  of  esti- 
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mating  surface  currents,  we  made  a  se- 
ries of  radar  measurements  on  23  to  26 
March  1977  in  Florida  in  conjunction 
with  ship  tracks  of  drifters  in  order  to  es- 
tablish some  initial  credibility  for  this 
new  remote-sensing  technique.  The 
Nova  University  vessel  Youngster  HI — 
supported  by  a  Hi-Fix  Navigation  sys- 
tem— tracked  a  drifter  at  several  posi- 
tions in  the  radar  coverage  area  over  8-  to 
12-hour  periods  on  23  and  25  March. 
This  drifter  was  drogued  with  rigid  verti- 
cal aluminum  baffle  plates  extending  46 
cm  below  the  surface  float.  Each  track 
consisted  of  a  5-  to  8-minute  drift  whose 
start  and  end  points  were  marked  navi- 
gationally;  from  this  a  mean  (Lagrangi- 
an)  drift  velocity  was  calculated.  In  addi- 
tion, the  National  Oceanic, and  Atmo- 
spheric Adminstration  vessel  Virginia 
Key — supported  by  a  miniranger  naviga- 
tion system — tracked  a  cork  float  on  23 
and  24  March  at  other  locations  in  the 
coverage  area.  Again,  each  track  lasted 
about  5  minutes. 

The  velocities  deduced  from  both  radar 
and  drifter  measurements,  and  the  differ- 
ences between  them,  were  relatively  simi- 
lar in  all  cases.  Significantly,  the  drifter 
velocities  show  considerable  differences 
from  day  to  day.  For  comparison,  we 
show  here  our  longest  set  of  drifter  meas- 
urements, made  eastward  from  shore  (at 
the  midpoint  between  the  two  radar  sites) 
to  a  range  of  50  km;  these  drifter  meas- 
urements, made  with  the  Youngster  in 
and  the  drogued  buoy,  required  12  hours 
to  complete.  These  measurements  are 
shown  in  Fig.  7  along  with  radar-deduced 
current  velocities.  The  total  current-vec- 
tor magnitudes  are  plotted  for  each  tech- 
iiique. 

The  agreement  is  very  reasonable,  with- 
in the  range  of  expected  drifter  variances. 


Both  techniques  recorded  the  current 
shear  with  distance  from  shore  quite  ace* 
urately,  and  observed  the  current  maxi- 
mum on  this  particular  day  at  approxi- 
mately 20  km  from  shore.  Most  of  the 
disagreement  beyond  27  km  was  due  to 
the  fact  that  a  sudden  onset  of  high  winds 
and  breaking  waves  caused  the  drifter  to 
tip  over,  so  that  it  was  not  measuring  sur- 
face-current drift  properly.  Measuring 
the  average  error,  e  (between  straight -line 
segments  joining  the  two  sets  of  points) 
and  its  standard  deviation  over  the  path 
out  to  27  km,  we  obtain  10  cm/s  for  the 
standard  deviation.  If  we  include  the  en- 
ire  path,  this  standard  deviation  is  21.5 
:m/s. 

The  1 0  cm/s  difference  may  well  be  the 
best  obtainable  agreement  between  these 
two  techniques  because  they  are  intrinsi- 
cally observing  different  quantities.  The 
drifter  measurement  is  Lagrangian  in  na- 
ture, averaged  over  only  a  short  line  (400- 
500  m);  the  radar  measurement  is  Euleri- 
an,  averaged  over  an  area  of  about  3  by  3 
km. 


Applications  and  Future  Directions 

The  HF  radar  remote-sensing  system 
appears  to  provide  considerably  ex- 
panded observational  capability  for 
coastal  physical  oceanographic  research. 
Since  it  is  transportable  and  offers  output 
current  maps  on  site  in  near  real  time, 
the  system  has  a  great  potential  for  oper- 
ational coastal  current  monitoring  and 
for  quick  response  to  offshore  accidents. 
Inasmuch  as  surface  currents  are  highly 
variable,  elusive,  and  expensive  to  mea- 


sure by  existing  in  situ  techniques,  this  in- 
strument offers  an  attractive  alternative. 
To  duplicate  the  large  area!  volume  of 
data  vectors  obtained  with  only  a  1/2-hour 
radar  operation  would  require  many 
ships  or  aircraft  tracking  drifters  simulta- 
neously— an  experiment  that  would  cost 
hundreds  of  thousands  of  dollars.  Our 
discussion  with  commercial  manufac- 
turers lead  us  to  believe  that  streamlined 
operational  versions  of  our  prototype  ra- 
dar could  be  available  for  about  $50,000 
per  complete  radar  pair. 

The  need  to  understand  and  better  de- 
fine the  structure  of  currentlike  water 
movement  near  the  surface  becomes 
more  evident  as  we  attempt  to  further  in- 
terpret and  refine  the  accuracy  of  this 
system.  Both  theoretical  analyses  and 
carefully  planned  experiments  should  be 
undertaken  to  quantify  the  effects  of  cur- 
rent turbulence  within  the  radar  cell, 
wave-wave  interactions,  and  current 
shear  with  depth  on  the  radar  measure- 
ments. Furthermore,  the  actual  linear 
horizontal  drift  of  particles  at  the  surface 
(for  example,  oil)  and  its  relation  to  mean 
near-surface  current  velocity  must  be  de- 
termined, especially  under  conditions  of 
high  winds  and  breaking  waves.  The  sim- 
ilarities and  differences  between  Eule- 
rian  areal  and  Lagrangian  linear  mea- 
surements need  to  be  better  understood. 
The  prospect  of  having  continuous  sur- 
face-current data  should  provide  the  im- 
petus to  correlate  currents  with  their 
short-term  driving  forces  (such  as  winds, 
waves,  and  tides).  Such  a  correlation  is 
potentially  a  means  of  using  the  surface- 
current  data  to  measure,  indirectly, 
those  driving  forces. 


Summary 

A  high-frequency  radar  remote-sens- 
ing system  for  measuring  and  mapping 
near-surface  ocean  currents  in  coastal 
waters  has  been  analyzed  and  described. 
A  transportable  prototype  version  of  the 
system  was  designed,  constructed,  and 
tested.  With  two  units  operating  tens  of 
kilometers    apart,    the    currents    were 
mapped  in  near  real  time  at  a  grid  of 
points  3  by  3  km  covering  areas  exceed- 
ing 2000  km2,  out  to  a  distance  of  about 
70  km  from  the  shore.  Preliminary  esti- 
mates of  the  precision  of  current  velocity 
measurements  show  it  to  be  about  10 
cm/sec. 
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ABSTRACT 

An  array  of  infrasonic  microphones,  installed  near  Fraser,  CO,  operated  from  February  through  June 
1973.  This  observatory,  in  conjunction  with  a  similar,  permanent  installation  at  Boulder,  triangulated  on 
sources  of  infrasound  in  Colorado.  We  found  that  the  lee  of  a  group  of  mountains  that  includes  Long's  Peak 
is  a  preferred  source  region  for  infrasound.  Heretofore,  such  triangulations  used  long  propagation  paths 
usually  of  hundreds  of  kilometers,  which  resulted  both  in  poorly  defined  source  regions  and  signal  source 
characteristics.  The  generation  of  local  infrasound  is  probable  when  the  500  mb  winds  are  high.  A  comparison 
with  Boulder's  historical  data  shows  that  most  signals  occur  during  the  winter  months  with  durations  longer 
than  3  h.  One  case  study  presented  shows  that  source  motion  can  occur  (20  km  over  an  8  h  period).  The 
identification  of  a  local,  accessible  infrasonic  source  region  offers  wide  opportunities  for  further  research 
(e.g.,  the  study  of  an  active  source  region  using  time-lapse  photography,  dual-Doppler  radar,  lidar  and 
instrumented  aircraft).  Comparisons  of  infrasonic  data  with  measurements  of  turbulence  reported  by  air- 
craft suggest  a  temporal  and  spatial  relation  between  sources  of  infrasound  and  aircraft  turbulence 
encounters. 


1.  Introduction 

Since  the  early  1950's,  the  Geoacoustics  Research 
Program  Area  of  NOAA's  Wave  Propagation  Labora- 
tory (formerly  the  infrasonics  group  of  the  National 
Bureau  of  Standards)  has  studied  various  types  of 
infrasonic  signals  in  the  atmosphere.  This  work,  and 
work  by  other  groups,  has  demonstrated  that  low- 
frequency  (1-0.01  Hz  passband)  acoustic  waves  are 
related,  for  example,  to  geomagnetic  activity 
(Chrzanowski  et  al.,  1961),  earthquakes  (Donn  and 
Posmentier,  1964),  volcanoes  (Goerke  et  al.,  1965), 
ocean  waves  (Benioff  and  Gutenberg,  1939)  and  severe 
storms  (Bowman  and  Bedard,  1971;  Georges,  1973). 

One  class  of  infrasonic  signal  measured  at  Wash- 
ington, DC,  for  periods  of  many  years  during  winter- 
months  showed  a  bearing  of  arrival  from  the  northwest. 
These  signals  were  called  "northwesters"  because  of 
their  consistent  azimuth  of  arrival.  The  addition  of  the 
Boulder  observatory  permitted  a  rough  determination 
of  many  source  locations,  which  appeared  to  be  moun- 
tainous regions  in  the  Pacific  Northwest  of  the  United 
States  and  Canada. 

Data  from  observatories  at  Pullman,  WA,  and  Edson, 
Alberta,  supported  the  belief  that  mountainous  regions 
were  indeed  the  origin  of  the  signals.  Larson  et  al.  (1971) 
showed  a  relation  between  these  signals  and  the  speed 
and  direction  of  the  500  mb  winds  in  the  generation 
region.  In  particular,  they  detected  infrasound  on  three 
days  when  the  winds  were  high  and  the  directions  of 
airflow  occurred  at  right  angles  to  the  principle  axes  of 
mountain  ranges  in  the  source  area.  They  also  identified 


the  chief  source  regions  based  upon  statistical  data  from 
these  observatories.  Infrasonic  stations  in  South 
America  show  signals  that  originate  near  the  Andes 
during  the  Southern  Hemisphere  winter.  Green  and 
Howard  (1975)  completed  a  statistical  study  of  this 
class  of  infrasound  on  a  global  scale  and  found  that 
these  mountain-associated  sources  constitute  the  most 
frequent  class  of  infrasound  (at  frequencies  <0.1  Hz). 
Identification  of  the  source  mechanism  or  mechanisms 
will  permit  a  fuller  interpretation  of  these  global  data. 
Bearing  deviations  suffered  over  long  propagation 
paths  through  a  poorly  known  atmosphere  make  the 
identification  of  unique  terrain  features  or  source 
mechanisms  difficult.  Accurate  source  locations  and 
knowledge  of  the  atmosphere  at  such  locations  are  not 
available.  Rockway  et  al.  (1974)  indicated  that  the 
secular  variation  in  the  numbers  of  signals  of  this  class 
could  result  from  the  effects  of  winds  upon  propagation 
rather  than  from  a  source  characteristic.  For  these 
reasons,  we  set  up  an  experiment  to  determine  if  there 
were  any  sources  of  infrasound  in  the  vicinity  of  the 
Boulder  observatory  that  resulted  from  airflow  over 
mountains. 

2.  Description  of  1972-73  Boulder-Fraser 
experiment 

a.  Fraser,  Colorado,  observatory 

The  observatory  at  Boulder  provides  bearing  in- 
formation for  infrasonic  signals ;  but  there  is  currently 
no  reliable  method  based  on  measurements  at  one 
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observatory  alone  for  distinguishing  between  local  and 
distant  infrasonic  signals  of  this  class.  Fraser,  CO, 
already  the  site  of  instruments  for  a  separate  lee-wave 
study,  provided  a  good  east-west  baseline  with  the 
Boulder  site  for  local  sources  of  infrasound  that  might 
occur  along  the  Continental  Divide,  and  its  record  of 
low  surface  winds  and  hence  low  background  pressure 
noise  was  advantageous. 

Site  1  of  the  Fraser  array  shown  in  Fig.  1  is  the  central 
recording  location  for  sites  2  and  4.  Graphic  analog- 
pressure  recordings  made  at  site  3  permitted  comparison 
with  a  colocated  acoustic  sounder  and  provided  data 
for  a  noise  study.  At  site  1,  the  pressure  data  were 
recorded  together  with  time  on  both  analog-magnetic 
tape  and  paper-chart  recorders.  On  an  after-the-fact 
basis,  we  processed  the  infrasonic  data  using  an  analog 
correlator  with  a  passband  having  3  dB  points  at  1 
and  100  s  periods.  Radio  data  links  brought  the  signals 
from  sites  2  and  4  to  site  1. 

b.  Additional  sources  of  data 

This  experiment,  initiated  as  part  of  a  cooperative 
effort  with  Dr.  D.  K.  Lilly  of  the  National  Center  for 
Atmospheric  Research  (NCAR),  included  radiosonde 
balloon  launches  and  instrumented  aircraft  from  the 
NCAR  Lee  Wave  program.  However,  we  could  not 
coordinate  the  observations  in  real  time  because  of  the 
after-the-fact  nature  of  the  infrasound  analysis. 

In  addition  to  the  Fraser  and  Boulder  stations,  an 
array  operated  at  Lowry  Air  Foice  Base  in  Denver,  CO, 
for  approximately  one  month  as  part  of  this  experiment. 
Fig.  1  shows  the  relative  position  of  these  observatories. 
We  used  surface  wind  speed  data  taken  5  mi  north  of 
Boulder,  data  from  the  National  Weather  Service 
Substation  at  Fraser  for  the  interval,  and  summarized 
pilot  reports  from  records  at  the  National  Climatic 
Center  at  Asheville,  NC,  and  United  Air  Lines.  This 
study  also  used  Denver  radiosonde  data  in  an  attempt 
to  relate  infrasound  observations  to  airflow  over 
mountains. 

c.  Infrasonic  instrumentation 

Details  concerning  the  instrumentation  and  tech- 
niques used  in  obtaining  data  are  described  in  papers  by 
Cook  and  Bedard  (1971)  and  by  Georges  and  Young 
(1972).  Usually  each  detection  system  consists  of  an 
array  of  at  least  four  microphones  at  ground  level 
~8  km  apart.  We  reduce  effects  on  each  microphone 
caused  by  local  turbulent  wind  eddies  by  space  filtering. 
The  space  filter  consists  of  a  line  of  pipe  or  hose  equipped 
at  intervals  with  capillary  ports  to  the  atmosphere. 
Daniels  (1959),  Burridge  (1971)  and  Bedard  (1977) 
described  the  theory  of  this  noise-reducing  line.  Without 
the  use  of  this  pipe  filter,  there  would  be  few  intervals 
when  the  small  amplitude  infrasonic  signals  could  be 
detected. 
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Fig.  1.  Array  configurations  and  relative  location 
of  observatories. 


d.  Data  reduction 

An  automatic  multichannel  analog  correlator  (Brown, 
1963 ;  Bedard  and  Caldwell,  1970)  provided  information 
concerning  signal-to-noise  ratio,  azimuth  and  horizontal 
trace  velocity  for  the  infrasound.  The  accuracy  of 
azimuth  and  velocity  determinations  usually  depend 
on  the  quality  of  the  signal  and  the  local  noise  conditions 
and  for  this  study  were  typically  ±3°  and  ±15  m  s"'1, 
respectively.  It  is  also  possible  that  finite  source-size 
effects  reduce  measurement  accuracies  (particularly  for 
sources  quite  close  to  an  observatory). 

The  background  noise-level  data  were  hand  digitized 
and  plotted  for  comparison  with  digitized  local  surface 
wind  data.  These  noise  level  plots  were  also  used  in 
comparing  signal  data  for  the  Fraser  and  Boulder 
observatories,  permitting  ready  comparison  of  times  of 
signal  and  noise  for  the  two  locations.  Identification  of 
those  signals,  appearing  on  both  stations  during  the 
same  time  period,  permitted  discrimination  between 
local  and  distant  signals  using  triangulation  techniques. 
For  our  purposes,  local  shall  mean  the  State  of  Colorado 
in  the  vicinity  of  the  Continental  Divide. 
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3.  Case  studies  of  local  infrasonic  signals 

A  total  of  227  infrasonic  signals  were  identified  for 
the  Fraser  and  Boulder  observatories  during  the  period 
from  7  February  to  7  June  1973.  A  signal  is  defined  as 
a  segment  of  data  resulting  from  cross  correlations 
between  the  sites  of  one  observatory,  showing  a  signal- 
to-noise  ratio  greater  than  one-third  for  a  duration 
usually  longer  than  20  min  at  a  horizontal  trace  velocity 
of  ~330  m  s-1  or  higher.  A  lack  of  confidence  in  the 
measured  bearing  made  it  impossible  to  categorize 
many  signals  as  to  local  or  distant  origin.  Many  signals 
observed  at  one  station  went  undetected  at  another 
during  the  same  time  period.  The  lack  of  data  at  the 
second  station  could  usually  be  explained  by  an 
increased  local  noise  level.  However,  there  are  32  cases 
for  which  the  noise  level  at  the  second  observatory  is 
low  enough  for  detection,  but  no  signal  was  found, 
suggesting  that  propagation  effects  or  source  directional 
effects  may  sometimes  be  important. 

Application  of  the  ray  tracing  program  of  Georges 
(1971)  to  the  problem  of  propagation  from  a  source  at 
10  km,  assuming  a  Gaussian  wind  profile  centered  at 
10  km  with  a  maximum  of  80  kt  and  a  width  of  4  km, 
predicts  a  "zone  of  silence"  between  about  50  and 
275  km  downwind.  To  the  extent  that  the  results  of 
ray  tracing  provide  valid  insights  at  these  longer  wave- 
lengths (~6  km),  one  expects  large  propagation  effects 
controlling  the  distribution  of  infrasonic  energy  at  the 
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speed  and  direction  of  the  500  mb  winds  at  Denver  for  the  sound- 
ing closest  to  the  time  of  observation  of  infrasound. 


earth's  surface.  The  low-level  winds  control  the  inner 
limits  of  the  "zone  of  silence,"  while  temperature 
structure  and  winds  occurring  at  high  altitudes  control 
the  outer  limits  of  the  "silent"  zone. 

Of  227  signals  detected  by  the  three  observatories, 
29  were  local.  This  section  presents  the  details  of 
representative  observations.  In  Figs.  2-5,  the  direction 
of  the  arrows  points  from  the  infrasonic  observatory 
toward  the  infrasound  source  location.  On  several 
figures,  symbols  indicate  aircraft  turbulence  encounters. 
The  turbulence  codes  used  by  United  Airlines  and  in 
pilot  reports  (Pireps)  appear  below. 

Turbulence  codes 
United  Air  Lines  Pireps 

Severe  #       Severe       _A_ 

Moderate  to  severe   ^        Moderate  W 
Moderate  3       Light  A 


a.  Infrasound  observations  of  13  March  1973 

The  first  case  shown  is  a  Fraser-Lowry  intersection 
north  of  Pike's  Peak  (Fig.  2).  The  maximum  signal-to- 
noise  ratio  for  Lowry  occurred  at  0635  (all  times  GMT) 
and  for  Fraser  at  0642.  High  local  noise  occurred  at  the 
Boulder  observatory  at  this  time.  Infrasound  signal 
level  measured  at  ~0.5 /xbar  p  —  p  was  detected  at 
Fraser  from  0600  to  0800  and  from  1800  to  1900.  The 
turbulence  report  shown  on  the  figure  occurred  during 
the  interval  1500  to  2100.  At  0905  a  signal  arrived  at 
the  Boulder  observatory  from  the  direction  of  this 
intersection,  but  is  not  indicated  on  the  figure. 

b.  Infrasound  observations  of  16  March  1973 

Infrasound  detected  at  Boulder  arrived  from  the 
northwest  between  0300  and  1500.  The  azimuth  of  the 
segment  of  Boulder  signal  at  0810  is  shown  on  Fig.  3, 
together  with  bearing  data  for  Fraser  (0800)  and  Lowry 
(0800).  During  the  intervals  from  0100  to  1700  for 
Lowry  and  from  0750  to  1330  for  Fraser,  signals  con- 
tinued from  these  bearings,  remaining  approximately 
constant  in  direction.  During  these  periods,  wave  clouds 
existed  near  Boulder.  The  aircraft  turbulence  report  in 
the  Denver  area  occurred  during  the  interval  from 
2100  GMT  15  March  to  0300  GMT  16  March.  The 
aircraft  turbulence  encounter  to  the  south  was  for  the 
interval  from  0300  to  0900  on  16  March. 

c.  Infrasound  observations  of  9  May  1973 

Fig.  4  shows  the  signal  azimuths  observed  at  the 
Boulder  (0845)  and  Fraser  (0850)  observatories.  Signal 
appeared  at  Boulder  from  0445  to  1200  and  at  Fraser 
from  0800  to  0910  and  from  1400  to  1510.  Wave  clouds 
were  present  in  the  vicinity  during  this  interval.  No 
aircraft  turbulence  encounters  were  reported  during  the 
time  period.  Local  atmospheric  pressure  noise  was  high 
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Fig.  3.  Infrasound  observations  of  16  March  1973. 

at  both  observatories  prior  to  signal  reception.  Noise  at 
Fraser  was  high  enough  to  cause  the  gap  in  signal 
detection. 

d.  Infrasound  observations  of  10  April  1973 

This  case  shows  apparent  source  motion.  The  signal 
was  observed  at  Boulder  from  0300  to  1355  and  at 
Fraser  from  0200  to  1300  (see  Fig.  5).  The  source  origin 
moved  about  20  km  over  an  8  h  interval.  No  aircraft 
turbulence  encounters  were  reported.  Two  other  cases 
showed  similar  motions.  Spectrum  analyses  run  on 
this  particular  signal  showed  that  most  of  the  signal 
energy  occurred  at  20  and  40  s  periods.  We  should 
process  many  more  signals  with  high  signal-to-noise 
ratios  before  applying  significance  to  the  harmonic 
relation  found  between  these  spectral  peaks. 

e.  Summary  of  data 

This  set  of  measurements  presents  evidence  for  a 
preferred  region  of  generation  of  infrasound  and  a  rela- 
tion between  the  500  mb  winds  and  the  generation  of 
this  class  of  infrasound.  Fig.  6  shows  all  local  inter- 
sections obtained  during  the  test  interval.  The  solid 
stars  identify  three-station  intersections  while  the  open 
stars  identify  two-station  intersections.  It  is  obvious 
from  this  figure  that  many  of  the  sources  are  to  the 
north  of  Boulder  and  to  the  east  of  the  Continental 
Divide.  Fig.  7  is  a  compilation  of  the  azimuth  inter- 
section points  for  a  region  to  the  lee  of  the  group  of 
mountains  that  includes  Long's  Peak.  On  this  figure, 
the  point  of  a  wind  vector  indicates  the  location  of  the 
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Fig.  4.  Infrasound  observations  of  9  May  1973. 

intersection.  The  wind  vectors  correspond  to  the  500 
mb  wind  velocity  measured  at  Denver  for  the  sounding 
closest  to  the  time  of  infrasound  observations.  Most  of 
the  cases  involved  high-speed  winds  with  a  strong 
component  from  the  west.  Nearly  half  (13)  of  the  local 
sources  identified  occurred  in  this  region.  When 
multiple  infrasonic  signals  propagate  simultaneously 
from  both  local  or  distant  sources,  the  analysis  of  low- 
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level  signals  becomes  complex.  Also,  a  combination  of 
propagation  effects,  local  noise  conditions  and  source 
directional  effects  could  make  an  array  of  observatories 
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sense  a  region  preferentially.  But  the  point  is  not 
pertinent  if  one  is  interested  in  establishing  source 
characteristics  and  directing  probes  in  an  active  source 
region  (omni-directional  response  for  an  array  of 
observatories  not  being  required). 

High  surface  winds  can  prevent  an  infrasonic  observa- 
tory from  detecting  existing  infrasound.  To  compare 
local  infrasound  data  with  the  statistics  of  500  mb 
soundings  at  Denver,  we  removed  time  periods  of  low 
signal-to-noise  ratio  at  Boulder  resulting  from  high 
surface  winds  from  the  analysis.  If  the  wind  speed 
measured  at  a  site  just  north  of  Boulder  exceeded  7  kt, 
that  time  period  was  not  included  in  the  analysis.  Sets 
of  remaining  soundings  were  those  for  which  the 
reception  of  low-level  infrasound  at  the  Boulder 
observatory  was  possible.  Fig.  8  is  a  histogram  showing 
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396 


July  1978 


A.     J.     BEDARD,     JR. 


1019 


m 


Q    Origin  of  infrasonic  event 

>^L    Location  ot  turbulence 
report 


f 


8.419' 


Crown  Pt 
-^A :i~     Lookout  Mtn 

Longs  Pk.  -**-yf\ 


H- 


10, 
10)  f  9 


Elk  Mm.  <\^fe?  (l3 

4-    o  ^ 

Fraser  Array.': ^5 


'•@  FORT  COLLINS 

© 


Boulder  Array 


®n 


^ 


55^s^     Mt.  Evans 


,  boulder)- 

4^®    J)  Lowrv  A"av 
^  DENVER 

7 


40'  — 


14.264' 


M 


4„ 


o 

LEADVILLE 


4"  ^^    ^?$&  M«-  Harvard 
Castle  Pk.  'I'gM.s&yiM 


+ 


14.265'         "^/fpas 


02) 


® 

4- 


39°  — 


Mi 


m  M.420' 


Pikes/Rk. 
14.110' 


<§> 


COLORADO 
SPRINGS 


5^i^12 


^fc 


10    0 


50 


107° 


^m 
gp0 


Mm 


msm 


Wm^ 


106° 


Kilometers 

105°W 
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the  locations  of  aircraft  turbulence  reports  occurring  close  to  or  during  the  same  time  intervals  as  the 
infrasound  generation. 


the  percentage  of  soundings  at  various  wind  speeds 
accompanied  by  infrasound.  The  number  at  the  top  of 
each  bar  of  the  histogram  indicates  the  total  number 
of  500  mb  soundings  for  each  speed  range.  Note  that 
when  the  wind  speed  was  at  ~50  kt  or  above,  we 
detected  infrasound  for  over  70%  of  the  cases. 

4.  Possible  relationship  to  aircraft  turbulence 

Since  some  possible  generation  mechanisms  for  infra- 
sound involve  turbulent  motions,  it  seems  reasonable 
to  expect  that  the  infrasonic  source  involves  flow  fields 
capable  of  causing  significant  aircraft  turbulence. 

Fig.  9  presents  data  showing  an  azimuth  of  arrival 
passing  near  one  of  the  few  turbulence  encounters 
characterized  as  severe  during  the  test  interval.  Because 
of  local  noise,  only  one  infrasonic  observatory  detected 
signal  from  this  direction.  This  case  was  for  22  March 
1973.  When  the  noise  decreased  at  the  Fraser  observa- 
tory, signal  appeared  at  0540  and  continued  until  0650 


when  the  noise  again  increased.  Fig.  10  shows  a  com- 
pilation of  infrasound  intersections  together  with  the 
location  of  aircraft-turbulence  encounters  occurring 
close  to  the  time  of  infrasound  detections.  Numbers 
on  the  aircraft,  indicating  the  locations  of  aircraft 
turbulence  reports,  correspond  in  time  to  the  circled 
numbers  which  locate  the  source  region  of  the  infra- 
sound. Note  that  13  of  the  29  cases  of  infrasound 
detected  appear  on  this  figure.  The  pilot  reports  Used 
represent  one  of  the  few  available  sources  of  data 
concerning  the  state  of  the  upper  level  atmospheric 
flow.  It  is  evident  that  for  a  number  of  cases  the 
proximity  of  the  infrasound  origin  to  the  location  of 
the  reported  aircraft  turbulence  is  striking.  However,  it 
must  be  emphasized  that  convincing  evidence  of  a  direct 
relation  is  not  claimed.  Even  if  a  relation  exists,  it  may 
be  an  indirect  one.  These  compiled  data  argue  strongly 
for  an  experimental  and  theoretical  program  to  explore 
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the  possibility  of  passively  detecting  regions  causing 
aircraft  turbulence  using  infrasonic  observatories. 

Posmentier  (1974)  described  observations  of  infra- 
sound in  the  range  from  1  to  16  Hz  and  related  these 
observations  to  CAT.  One  problem  with  this  frequency 
range  is  that  aircraft  radiate  significant  acoustic  energy, 
and  it  will  be  necessary  to  discriminate  between  such 
man-made  sounds  and  those  originating  from  atmo- 
spheric turbulence.  Also,  these  higher  frequencies 
mteract  more  strongly  with  the  atmosphere,  and  hence 
the  influence  of  the  propagation  path  is  greater.  In  spite 
of  these  concerns,  measurements  in  this  frequency  range 
could  be  important  indices  of  turbulence.  However,  the 
infrasonic  data  related  to  airflow  across  mountains  in 
this  paper  are  below  0.1  Hz  and  are  possibly  caused 
by  an  entirely  different  source  mechanism. 

5.  Comparison  with  historical  data  for  the  Boulder 
Observatory 

The  data  presented  thus  far  are  for  only  a  portion 
of  one  year.  Thus,  it  is  quite  a  proper  objection  that 
these  data  may  not  be  representative.  But  evidence  for 
the  continued  existence  of  a  local  preferred  source  region 
and  insight  concerning  its  characteristics  exist  in 
historical  data.  This  section  presents  historical  statistics 
concerning  infrasound  observations  from  the  Boulder 
observatory. 

Fig.  11  is  a  summary  of  hand-analyzed  infrasound 
observations  as  a  function  of  azimuth  of  arrival  for  the 
years  1963-68.  This  figure  is  from  unpublished  work  of 
the  late  Mr.  V.  Goerke  of  NOAA  who  developed  a  data 
set  of  infrasonic  signals  at  the  Boulder  observatory.  In 
contrast,  our  more  recent  work  applied  the  analog 
correlator  described  by  Brown  (1963)  which  can  detect 
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Fig.  11.  Azimuthal  distribution  of  historical  signals 
for  the  Boulder  observatory. 
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Fig.  12.  Number  of  signals  as  a  function  of  azimuth. 

infrasound  at  signal-to-noise  ratios  lower  than  one- 
third.  Since  Mr.  Georke's  results  consist  of  data  with 
signal-to-noise  ratios  usually  >1,  the  historical  data 
are  conservative  in  terms  of  signal  duration  and  num- 
bers of  signals  detected.  We  know  from  a  global  net- 
work that  most  of  the  signals  from  around  150°  originate 
from  a  source  near  mountainous  regions  of  South 
America,  Most  signals  arriving  from  directions  between 
315°  and  340°  probably  result  from  distant  infrasonic 
sources  located  near  mountainous  regions  in  the  Pacific 
Northwest  (Greene  and  Howard,  1975).  For  any  given 
signal,  we  cannot  deduce  local  or  distant  origin  based 
upon  the  data  from  a  single  observatory,  and  we  use 
data  from  other  distant  observatories  to  make  these 
inferences  about  probable  source  origin  using  tri- 
angulation. 

In  Fig.  7,  a  group  of  local  sources  occurred  between 
azimuths  of  265°  and  315°.  Note  that  Long's  Peak  is  at 
an  azimuth  of  about  290°  from  the  Boulder  observatory. 
Historically,  there  has  been  a  group  of  signals  in  this 
range  of  azimuths.  Long's  Peak  is  14  255  ft  high  and 
although  the  highest  mountain  in  the  region,  it  is  only 
the  15th  highest  in  Colorado.  The  mountain  is  unique 
being  knife-like  with  a  great  precipice  on  its  east  face. 
Because  several  other  significant  peaks  including 
Storm.  Peak  (13  326  ft),  Mount  Lady  Washington 
(13  281)  and  Mount  Meeker  (13  400  ft)  are  all  within 
5  mi  of  Long's  Peak,  it  is  far  from  certain  that  Long's 
Peak  itself  is  related  to  the  generation  of  infrasound. 

The  next  three  figures  present  some  of  the  statistical 
properties  of  signals  that  fall  in  the  range  of  azimuths 
bracketing  the  local  source  region.  Data  from  more 
recent  years  are  included  with  Mr.  Georke's  data  for 
this  analysis.  Fig.  12  is  a  histogram  presentng  the 
distribution  of  signals  as  a  function  of  azimuth  of 
arrival.  Again,  note  that  most  signals  in  this  azimuth 
range  pass  through  the  group  of  local  signals  shown 
in  Fig.  7. 
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Fig.  13  shows  the  number  of  signals  detected  in  this 
azimuth  range  as  a  function  of  the  month  of  the  year. 
Note  that  no  signals  appeared  for  June,  July  or  August 
and  that  November-March  are  the  months  when  most 
signals  occurred.  Both  lee  wave  and  chinook  wind 
occurrences  show  similar  variations  with  times  of  year 
for  this  part  of  Colorado. 

Fig.  14  is  a  histogram  showing  the  distribution  of 
signal  duration  for  the  historical  infrasonic  signals  in 
this  azimuth  range.  Note  that  although  many  signals 
are  from  2-4  h  in  duration,  considerable  numbers  are 
longer  than  12  h  in  duration. 

Many  signals  terminated  because  increases  of  local 
noise  obscured  the  detection.  Hence,  the  data  presented 
in  the  figure  are  an  estimate  of  the  minimum  signal 
duration.  It  is  certain  that  the  addition  of  the  Fraser 
observatory,  expansion  of  the  Boulder  observatory,  and 
application  of  more  sophisticated  analysis  techniques 
possible  with  digital  processing  would  extend  the 
detection  time  for  many  signals. 

A  significant  point  of  this  section  is  that  existing 
historical  data  can  guide  future  experimental  programs. 
These  data  indicate  that  the  months  of  November- 
March  represent  the  best  time  to  run  an  experimental 
program  to  investigate  the  source  of  infrasound.  Since 
Fig.  14  indicates  that  more  than  one-half  of  the  signals 
observed  lasted  over  3  h,  there  is  frequently  ample  time 
for  detection  of  infrasound  and  real-time  guiding  of 
probes,  such  as  dual-Doppler  radar  or  instrumented 
aircraft  for  investigations  of  the  source  regions. 

6.  Identification  of  source  mechanism  for 
infrasound 

Golitsyn  (1961)  predicted  a  peak  of  infrasonic  radia- 
tion at  a  period  of  100  s  from  a  consideration  of  the 
spectral  characteristics  of  atmospheric  motions  and 
predicted  properties  of  acoustic  radiation  from  tur- 
bulence. Applying  the  theory  of  Lighthill  (1962), 
Meecham  (1971),  Georges  and  Young  (1972)  and 
Georges  (1976)  have  shown  that  it  is  reasonable  to 
expect    significant    infrasonic    radiation    from    airflow 
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systems  Kimpo  (1973)  has  considered  dipole  and 
quadrupole  aerodynamic-generation  mechanisms  and 
discussed  possible  methods  of  discriminating  between 
these.  Chimonas  (1977)  proposed  a  mechanism  based 
on  scattering  of  energy  from  very  low  phase  velocity  to 
very  high  phase  velocity  domains,  involving  interactions 
with  terrain  irregularities.  The  identification  of  the 
Long's  Peak  region  as  a  source  point  should  permit 
experimental  definition  of  conditions  in  the  generation 
region  and  produce  a  well-defined  theoretical  problem. 
Vortex  shedding  (Suzuki,  1958)  is  one  possible 
mechanism  for  infrasound  generation.  Both  numerical 
and  experimental  scale-modeling  techniques  are  appli- 
cable to  the  problem  of  estimating  the  frequency  and 
intensity  of  the  radiated  infrasound.  It  is  possible  to 
compute  the  spectral  distribution  of  unstable  motions 
in  vortex  systems  and  apply  these  results  to  lee  wave 
rotors.  Lighthill  mechanisms,  for  example,  like  those 
causing  the  radiated  sound  from  jets,  are  a  possible 
source  mechanism.  Also  a  variety  of  flow/boundary 
interactions,  similar  to  those  active  in  edge  tones  and 
resonators,  might  radiate  significant  infrasound.  A 
cyclic  release  of  the  latent  heat  of  condensation  could 
either  enhance  other  mechanisms  or  be  directly  re- 
sponsible for  the  generation  of  acoustic  energy.  This 
last  possibility  suggests  the  application  of  time-lapse 
photography  in  the  source  region.  Bedard  (1976) 
presented  data  suggesting  that  the  source  involves 
monopole,  dipole  and  quadrupole  mechanisms. 

7.  Concluding  remarks 

The  detection  of  infrasound  from  such  local  sources 
permits  identification  of  basic  source  properties,  whereas 
distant-source  signal  waveforms  depend  greatly  on 
propagation  effects.  Thus,  it  is  probable  that  the  infra- 
sound detected  from  wintertime  mountainous  regions 
on  a  global  scale  reflects  source  activity,  as  opposed  to 
seasonal  variations  caused  by  propagation  changes  as 
cautioned  by  Rockway  et  al.  (1974). 

Mountainous  regions  are  a  frequent  location  for  clear- 
air  turbulence  encounters  (Harrison  and  Sowa,  1966; 
Dutton  and  Panofsky,  1970).  In  a  study  of  three  years 
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of  aircraft  reports  covering  the  western  United  States, 
Foltz  (1967)  showed  a  possible  connection  between  lee 
waves  and  such  turbulence.  He  found  maxima  of 
turbulence  frequency  just  to  the  lee  of  major  mountain 
ridges.  A  relation  between  measurements  of  CAT  and 
gravity  waves  produced  by  mountains  is  indicated  by 
Lilly  (1971)  and  by  Reiter  and  Foltz  (1967).  Hence, 
the  choice  of  the  Continental  Divide  as  a  location  for 
an  experiment  is  a  logical  one  for  studying  this  im- 
portant class  of  CAT.  It  is  probable  that  both  free  and 
standing  gravity  waves  are  important  contributors  to 
CAT  occurrence  in  the  vicinity  of  mountains.  Evidence 
thus  far  seems  to  relate  observed  infrasound  emissions 
to  the  turbulent  portions  of  standing  wave  systems, 
whereas  the  traveling  waves  could  produce  the  slower 
moving,  long-period  pressure  variations  also  detected 
at  the  earth's  surface.  Both  types  of  observations  could 
be  indices  of  CAT.  Infrasonic  observatories  can  assist 
instrumented  aircraft  "prospecting"  for  CAT,  detecting 
gravity-shear  waves  and/or  infrasound  and  guiding 
aircraft  to  active  source  regions. 
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The  Doppler  spectrum  of  high-frequency  radar  echoes  from  the  sea  consists  of  dominant  peaks  due  to 
first-order  Bragg  scatter  surrounded  by  a  higher-order  continuum.  Most  applications  to  date  have  been 
based  on  the  first-order  lines,  requiring  multiple  observations  and  large  or  moving  antennas.  In  contrast, 
inversion  of  the  second-order  structure  can  yield  the  complete  directional  ocean  wave  spectrum  from  a 
single  radar  observation.  In  this  report  we  describe  the  first  inversion  of  measured  second-order  echo 
spectra  from  a  21. 75-MHz  narrow-beam  radar  looking  in  a  single  direction.  Estimates  of  the  directional 
ocean  wave  spectrum  are  compared  with  surface  truth  provided  by  tilt  buoy  and  weather  station,  and  fair 
agreement  is  found.  This  initial  success  is  indicative  of  the  potential  of  this  technique  for  remote  sensing  of 
the  sea  surface. 


Introduction 

The  Doppler  spectrum  of  a  high-frequency  radar  signal 
backscattered  from  the  sea  surface  has  been  used  to  give 
detailed  information  on  the  properties  of  ocean  waves  (see,  for 
example,  Teague  el  al.  [1977]).  Most  applications  depend  on 
interpretation  of  the  dominant  first-order  lines  arising  from 
simple  Bragg  scatter.  In  this  mechanism  the  radar  wave  inter- 
acts only  with  ocean  waves  of  one  half  the  radar  wavelength 
moving  directly  toward  or  away  from  the  receiver;  hence  for 
detailed  information  on  amplitude  and  directional  character- 
istics one  requires  observations  at  several  look  angles  and 
transmitter  frequencies.  This  is  often  impractical,  owing  to 
limitations  on  radar  design  and  difficult  propagation  condi- 
tions. A  further  difficulty  is  that  for  the  observation  of  the 
important  lower  end  of  the  gravity  wave  spectrum  using  the 
first-order  lines  the  radar  frequency  must  be  in  the  band  50 
KHz  to  2  MHz,  requiring  large  arrays  or  moving  antennas  for 
the  formation  of  a  directional  beam.  However,  the  first-order 
lines  are  surrounded  by  a  continuum  due  to  higher-order 
Bragg  scatter  which  involves  ocean  waves  of  all  angles  and 
wavelengths  and  therefore  can  in  principle  yield  the  directional 
ocean  wave  spectrum  from  a  single  Doppler  spectrum.  Obser- 
vations of  second-order  structure  show  that  it  is  a  sensitive 
function  of  sea  state  [Tyler  el  al.,  1972].  Hasselmann  [1971] 
first  suggested  that  the  second-order  Doppler  side  bands 
should  be  proportional  to  the  wave  height  nondirectional  spec- 
trum. He  also  suggested  a  convenient  normalization  in  which 
the  side  bands  are  divided  by  the  first-order  echo,  canceling 
unknown  factors  such  as  path  loss  and  system  gains.  The 
relationship  between  the  second-order  structure  and  the  direc- 
tional ocean  wave  spectrum  was  derived  by  Barrick  [1972]  and 
has  the  form  of  a  two-dimensional  nonlinear  integral  equation. 
Barrick  [1977a]  derived  an  approximate  closed  form  technique 
to  obtain  the  wave  height  nondirectional  spectrum  from  the 
second-order  structure.  Wave  height  and  wave  period  pre- 
dicted by  using  this  solution  have  been  found  to  agree  with 
simultaneous  buoy  observations  [Barrick,  19776].  Lipa  [1977] 
has  derived  and  discussed  a  method  of  integral  inversion  of  the 
second-order  spectrum.  This  paper  describes  the  first  appli- 
cation of  this  technique  to  measured  data.  Derived  parameters 
define  the  directional  distribution  of  saturated  ocean  waves 
and  the  nondirectional  spectrum  of  unsaturated  waves  and  are 
found  to  be  in  good  agreement  with  surface  truth  observations 
provided  by  a  tilt  buoy.  Inversion  of  the  second-order  struc- 
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ture  using  this  method  requires  radar  frequencies  in  the  upper 
HF  band,  suitable  for  sky  wave  propagation  to  great  distances. 
The  method  can  therefore  be  applied  to  sky  wave  spectra,  if 
the  effects  of  ionospheric  distortion  can  be  eliminated. 

Inversion  Method 
The  second-order  structure  arises  from  the  interaction  of  the 
incident  ocean  wave  with  two  ocean  waves  to  yield  four  scat- 
tered waves  which  satisfy  the  second-order  Bragg  condition. 
For  backscatter  of  vertically  polarized  radar  of  wave  number  ji 
the  radar  cross  section  at  a  Doppler  shift  r\  is  given  by 

^t,)  =  267r/?<     £     [/|r|*afo-mlfc«,)i/* 

m1,m2=  ±1    J  J~  co 

-  rthigKtY'^SimX  )S(m2k~2 )  dp  dq         ( 1 ) 

where  the  scattering  ocean  wave  vectors  are  given  by  k\  =  (p  - 
8),  q,  k2  =  ~{p  +  8),  —q,  the  ocean  wave  numbers  are  «t  = 
\ki\,  k2  =  | Kg |,  and  the  Bragg  condition  is  imposed  by  the 
delta  function  constraint,  where  g  is  the  gravitational  accelera- 
tion, T  is  the  transfer  coefficient,  which  is  the  coherent  sum  of 
an  electromagnetic  and  a  hydrodynamic  term  [Barrick.  1972], 
and  S(k)  is  the  nonsymmetric  directional  ocean  wave  spec- 
trum. We  seek  to  determine  sufficient  parameters  to  define 
5(A)  by  inverting  (1).  As  the  number  of  parameters  sought 
from  a  given  data  set  is  increased,  the  accuracy  is  correspond- 
ingly decreased.  In  this  first  attempt  at  inversion  of  a  second- 
order  radar  spectrum  we  have  assumed  that  the  spectrum  is  the 
product  of  independent  factors,  an  amplitude  spectrum  depen- 
dent only  on  wave  number  and  a  directional  factor  which  is  a 
function  of  angle  relative  to  the  wind: 

S(k)  =  F(k)G(6)  (2) 

With  this  assumption  of  separability,  fewer  parameters  are 
required  to  define  the  ocean  wave  spectrum;  the  parameter  set 
is  further  reduced  by  assuming  symmetry  about  an  undefined 
direction,  to  be  determined  by  the  inversion  procedure.  These 
approximations  apply  to  short  saturated  waves  when  the  direc- 
tional distribution  is  approximately  independent  of  wave- 
length, but  faster  waves  may  have  a  narrower  spread  about  the 
wind  direction  (see,  for  example,  Tyler  el  al.  [1974]).  These 
long  waves  affect  the  radar  frequency  spectrum  in  the  region 
surrounding  the  first-order  Bragg  line,  which  for  high  winds 
and/or  radar  frequencies  is  relatively  insensitive  to  the  direc- 
tional distribution  of  ocean  waves  as  discussed  by  Barrick 
[  1977a.  b].  Results  of  inversion  will  then  be  insensitive  to  the 
breakdown  of  assumption  (2)  for  long  waves. 
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Fig.  I.  Radar  spectra  at  positive  Doppler  shifts.  Transmitter 
frequency  is  22  MHz,  with  frequency  resolutions  of  (a)  0,01,  (b) 
0.005,  and  (c)  0.005  Hz.  The  continuum,  assumed  to  be  entirely 
second  order,  is  normalized  by  the  first-order  spectral  energy  and 
inverted  to  give  a  model  of  the  directional  ocean  wave  spectrum 
(Figures  2  and  3).  The  dashed  line  is  the  second-order  radar  spectrum 
that  corresponds  exactly  to  the  model  wave  spectrum  in  the  frequency 
bands  used  for  inversion.  Deviations  between  the  model  radar  spec- 
trum and  the  data  for  Doppler  frequency  greater  than  0.875  Hz  may 
be  due  to  third-order  interactions. 

When  (2)  is  used,  the  spectral  product  in  the  integral  equa- 
tion becomes  a  quartic;  for  example,  for  mu  m2  equal  to  +  1, 


S(£  )S(k2 )        F(k,  )C(fl,  )F(k2)G(02  ) 


(3) 


The  solution  of  the  inversion  problem  is  simplified  by  the  fact 
that  the  ocean  wave  number  k2  is  always  greater  than  the  radar 
wave  number  and  for  typical  radar  frequencies  corresponds  to 
a  saturated  wave.  We  may  therefore  substitute  for  F(k2)  the 
saturated  amplitude  spectrum  [Phillips,  1966]. 


FMt0O  <*  1A4 


(4) 


We  then  estimate  the  amplitude  spectrum  and  the  directional 
factor  separately  using  different  regions  of  the  spectrum.  In 
the  frequency  bands  separated  from  the  first-order  Bragg 
frequency,  both  of  the  contributing  ocean  waves  are  saturated 
with  an  amplitude  spectrum  given  by  (4).  The  spectral  factor 
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Fig.  2.  Amplitude  spectra  obtained  by  inversion  of  radar  spectra 
shown  in  Figure  I.  Error  bars  represent  one  standard  deviation  and 
are  computed  from  the  variance  in  wave  height  of  the  random  sea 
surface. 


(3)  then  reduces  to  a  quadratic  function  of  the  directional 
factor,  and  the  integral  equation  may  be  reduced  to  a  set  of 
quadratic  equations  which  are  solved  by  iteration  for  param- 
eters of  (7(0),  including  the  direction  of  symmetry. 

To  derive  the  amplitude  spectrum  of  the  unsaturated  waves, 
we  use  the  spectral  points  with  frequencies  slightly  greater  than 
the  first-order  Bragg  frequency.  In  this  region  the  shape  of  the 
spectrum  is  almost  independent  of  ocean  wave  directional 
properties.  Substituting  the  derived  function  G(6)  and  the  satu- 
rated amplitude  spectrum  for  F(k2)  linearizes  the  spectral  fac- 
tor (3).  It  is  then  straightforward  to  reduce  the  integral  equa- 
tion to  a  set  of  linear  equations  which  may  be  solved  for 
parameters  of  the  unsaturated  amplitude  spectrum. 

This  inversion  method  is  described  in  detail  by  Lipa  [1977], 

Data  and  Inversion  Results 

The  radar  data,  provided  by  the  Stanford  Center  for  Radar 
Astronomy,  were  measured  on  the  California  coast  by  using  a 
coherent  pulse  Doppler  radar  [Teague  el  al.,  1977].  The  trans- 
mitting antenna  was  a  vertical  half  rhombic  approximately  250 
m  long  and  45  m  high  at  the  apex,  supported  by  a  helium-filled 
balloon,  and  the  backscattered  signal  was  received  by  a  wide- 
band loop  antenna.  The  radar  beam  pointed  northwest  into 
the  direction  of  the  prevailing  winds  with  a  half  power  beam 
width  of  10°  at  22  MHz.  Adequate  spectra  for  testing  the 
inversion  method  were  available  only  in  downwind  conditions, 


TABLE 

1.     Characteristics 

of 

Temporal  Spectra 

Spectrum 

Peak  Period,  s 

rms  Wave  Amplitude,  m 

A 
B 
C 

8  ±0.5 

14  ±  1,  12  ±  0.5 
13  ±  1,  11  ±0.5 

0.61  ±0.09 
0.43  ±  0.04 
0.46  ±  0.04 
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TABLE  2.     Comparison  of  Radar  gnd  Buoy  Observations 


VVIND 


WIND 


WIND 


Fig.  3.  Directional  factors  obtained  by  the  inversion  of  radar 
spectra  shown  in  Figure  1  for  ocean  waves  of  periods  of  <4.5  s.  The 
model  ocean  wave  spectrum  we  adopt  is  the  product  of  the  directional 
factor  and  the  amplitude  spectrum. 


as  high  winds  in  the  location  normally  blow  from  the  north- 
west, and  in  addition,  the  antenna  is  difficult  to  control  in 
crosswind  conditions.  Transmit  antenna  motion  causes  a 
broad  spectral  hump  in  the  region  around  zero  Doppler  shift, 
which  then  cannot  be  used  to  derive  directional  information. 
Radar  spectra  for  positive  Doppler  shifts  are  shown  in  Fig- 


10  3»10' 

WAVE   FREQUENCY  (Hz) 


Radar 

Buoy 

rms  wave  amplitude,  m 

0.61  ±0.1 

0.54 

Wind  direction,  deg 

312  ±  5 

310 

NJNm 

-0.56  ±0.1, 

-0.59* 

N*/Nm 

0.51  ±0.09 

0.49* 

J*20/'*00 

0.51  ±0.09 

0.61* 

«*o2/^'00 

0.49  ±  0.08 

0.58* 

NJNm 

-0.12  ±0.03 

-0.19* 

Fig.  4.  Comparison  of  the  temporal  wave  height  spectrum  ob- 
tained by  inversion  of  the  radar  spectrum  shown  in  Figure  \a  with  that 
measured  by  the  buoy  (continuous  line). 

403 


*Average  for  ocean  wave  period  between  1.9  and  4.5  s. 

ure  1.  Spectra  A,  B,  and  C  were  measured  on  July  25,  October 
21,  and  October  23,  1975,  with  frequency  resolutions  of  0.01, 
0.005,  and  0.005  Hz,  respectively.  Incoherent  Averaging  was 
performed  over  independent  spectra  measured  over  a  period  of 

2  hours  and  four  range  bins  4  km  in  extent.  Spectra  which 
indicated  severe  antenna  motion  were  not  included  in  the 
averaging.  Before  inversion  the  spectra  were  normalized  by  the 
first-order  energy,  obtained  by  integrating  over  the  first-order 
region  of  the  spectrum.  First-order  terms  were  then  subtracted 
to  give  the  higher-order  continuum  with  a  cutoff  near  the  first- 
order  Bragg  frequency.  The  major  source  of  variafice  in  the 
data  is  the  random  surface  height  of  the  sea.  For  each  parame- 
ter derived  by  inversion  we  calculated  a  corresponding  stan- 
dard error  resulting  from  this  source  of  uncertainty,  which 
decreases  with  the  number  N  of  spectra  averaged  as  \/(N)U2. 

The  amplitude  spectra  derived  by  inverting  the  radar  spectra 
for  frequencies  between  0.5  and  0.75  Hz  are  shown  in  Figure  2. 
Spectrum  A  is  characteristic  of  a  moderate  well-developed  sea, 
while  spectra  B  and  C  contain  peaks  due  to  long-wavelength 
low-amplitude  swell.  The  derived  peak  periods  and  rms  wave 
amplitudes  are  given  in  Table  1. 

Derived  directional  distributions  for  waves  with  periods  less 
than  4.5  s  are  shown  in  Figure  3.  In  each  case  the  symmetry 
direction  is  calculated  to  coincide  with  the  radar  beam,  and 
most  energy  propagates  within  60°  of  the  wind.  It  is  of  interest 
to  note  that  the  popular  cos*  (0/2)  model  for  the  directional 
factor  provides  a  poor  fit  to  the  derived  functions  for  any  value 
of  the  spread  parameter  s.  A  far  better  fit  is  provided  by  a 
model  defined  by 

G(6)  =  const         6  <  0C 

G(6)  =  0        d  >  ec 

where  6C  defines  a  cutoff  angle,  in  our  case,  60°. 

Estimation  of  Success  of  Inversion 

The  derived  parameters  constitute  a  model  of  the  directional 
ocean  wave  spectrum.  We  consider  the  inversion  of  the  linear- 
ized integral  equation  to  be  successful  if  the  following  criteria 
are  obeyed: 

1 .  The  derived  parameters  uniquely  satisfy  the  linear  equa- 
tions defined  by  ( 1 );  we  find  that  this  criterion  is  obeyed  as  the 
system  is  overdetermined. 

2.  The  uncertainties  in  the  model  due  to  the  variance  of  the 
data  are  reasonably  low:  the  error  bars  shown  in  Figures  2  and 

3  are  considered  acceptable  for  many  applications. 

3.  The  model  agrees  with  available  surface  truth. 

4.  The  model  is  compatible  with  the  data. 

We  shall  consider  the  third  and  fourth  points  separately. 

Comparison  with  surface  truth.  For  spectrum  A  in  Figure 
1,  simultaneous  tilt  buoy  observations  provided  by  Scripps 
Institute  of  Oceanography  are  available.  We  note  that  the 
radar  provides  an  areal  average  over  approximately  50  km2, 
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while  the  buoy  gives  a  point  measurement,  both  devices  aver- 
aging over  time.  The  tilt  buoy  measures  the  first  six  Fourier 
coefficients  of  the  ocean  wave  spectrum  S(k,  0),  given  by 


■Vpq(k) 


-r 

Jo 


cosp(d)sin"(e)S(K,6)d0 
p,q  =  0,  1,2         \p  +  q\  <  2 


(51 


[Tyler  el  ai,  1974].  Of  these,  five  are  independent  as  N00(k)  = 
N02(k)  +  /V20(k).  N00(k)  is  just  the  spatial  spectrum  of  the  ocean 
waves,  which  may  be  compared  with  that  derived  by  inversion 
of  the  radar  spectrum.  Results  are  shown  in  Figure  4,  where 
the  spatial  spectra  have  been  converted  to  temporal  spectra  by 
using  the  first-order  dispersion  relation  for  gravity  waves.  We 
consider  agreement  between  the  two  observations  to  be  fair, 
considering  that  they  were  obtained  by  devices  which  perform 
different  types  of  averaging. 

The  next  five  Fourier  coefficients  measured  by  the  buoy  were 
normalized  by  N00(k).  The  normalized  values  are  approxi- 
mately constant  for  wave  periods  of  less  than  4.5  s  and  were 
averaged  to  give  values  for  comparison  with  the  radar  results, 
derived  by  integrating  the  directional  factor  shown  in  Figure 
3a.  Results  are  given  in  Table  2,  which  also  contains  corre- 
sponding rms  wave  amplitudes  and  mean  wave  directions. 
Errors  quoted  in  Table  2  represent  upper  bounds  on  the  uncer- 
tainties. 

For  spectra  B  and  C  no  buoy  observations  were  available. 
According  to  the  Farallons  weather  station  the  wind  at  the 
time  was  from  the  northwest  at  18  and  12  kn  (9  and  6  m/s), 
respectively,  with  swell  of  height  5  ft  (~1.5  m)  and  a  sea  height 
of  2  ft  (~0.6  m)  for  both  B  and  C.  These  observations  are 
consistent  with  our  results. 

Compatibility  with  the  data.  The  derived  model  of  the 
ocean  wave  spectrum  was  substituted  into  the  right-hand  side 
of  (1),  and  the  corresponding  radar  spectrum  was  calculated. 
A  measure  of  the  compatibility  of  the  model  wave  spectrum 
with  the  data  is  then  given  by  the  deviation  of  the  computed 
radar  spectrum  from  the  measured  values.  For  spectrum  A  the 
fit  is  good  throughout  the  whole  frequency  band.  For  B  and  C 
it  is  good  except  for  frequencies  greater  than  0.87$  Hz,  where 
model  values  are  considerably  less  than  the  data.  We  draw  the 
conclusion  that  third-order  terms  in  the  perturbation  expan- 
sion may  become  significant  in  this  region.  This  conclusion  is 
supported  by  model  calculations  indicating  third-order  peaks 
for  large  Doppler  shifts  [Lipa  and  Barrick,  1977]. 

Conclusion 

We  have  demonstrated  that  inversion  of  the  second-order 
radar  spectrum  yields  detailed  information  on  the  directional 


ocean  wave  spectrum.  The  inversion  method  described  derives 
the  amplitude  spectrum  of  long  ocean  waves  (wavelength  of 
>3  m)  and  the  directional  factor  of  shorter  saturated  waves, 
together  with  the  direction  of  maximum  symmetry  which  may 
be  identified  with  the  wind  direction.  Ocean  parameters  de- 
rived from  a  measured  echo  spectrum  are  found  to  be  in  good 
agreement  with  concurrent  observations  made  by  a  tilt  buoy. 
This  success  lends  impetus  to  the  development  of  methods  to 
derive  the  complete  directional  spectrum  by  inversion  of  the 
second-order  structure  and  the  assessment  of  limits  of  appli- 
cation set  by  contamination  with  third-order  and  viscous 
terms. 
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1 .        INTRODUCTION 

The  design  and  evaluation  of  wind- 
shear  detection  systems  require  statistical  data 
concerning  wind-shear  events.  The  experimental 
wind-shear  measuring  system  at  Dulles  Interna- 
tional Airport  has  answered  much  of  this  need, 
recording  the  strengths  and  frequencies  of 
various  shear  events  over  an  18-month  period 
from  November  1976  through  March  1978.  For  this 
location  it  is  now  possible  to  estimate  false 
alarm  and  miss-rates  for  surface  arrays  of 
temperature,  pressure,  or  wind  sensors  or  com- 
binations of  these.  Furthermore,  data  concern- 
ing the  magnitude  of  the  shears,  their  origin, 
and  relationship  to  the  local  meteorology  pro- 
vide guidance  for  wind-shear  detection  and 
avoidance. 

The  Dulles  system,  comprised  of  a 
Doppler  acoustic-microwave  radar  and  a  dense 
network  of  surface  sensors  described  in  papers 
by  Hardesty  et  al.  (1977),  and  Bedard  et  al. 
(1977),  recorded  more  than  160  events.  This 
paper  reviews  the  statistics  of  these  events, 
discussing  their  implications  for  the  design  of 
systems  of  surface  sensors,  particularly  for  the 
detection  of  thunderstorm  outflows.  Eighty-two 
percent  of  113  significant  events  occurred 
in  conjunction  with  thunderstorms,  squall-lines, 
or  frontal  passages.  The  chief  source  of  false 
alarms  for  anemometers  was  boundary  layer  dis- 
turbances representing  10%  of  the  total,  while 
gravity  shear  waves  related  to  the  500-mb  winds 
caused  most  false  alarms  for  pressure  sensors 
(4%  of  the  total).  By  using  complementary 
arrays  of  wind  and  pressure  sensors  total 
system  false  alarms  can  be  greatly  reduced. 

These  data  demonstrate  the  importance 
of  stable  surface  layers  in  determining  the 
representativeness  of  surface  temperature  and 
wind  measurements  of  flow  at  higher  levels 
(stable  surface  layers  causing  underestimates  of 
system  severity).  Wind  vector  measurements, 
providing  more  information  than  point  tempera- 
ture measurements,  offer  operational  advantages 
for  detection  systems.  Conversely,  pressure 
sensors  will  not  reliably  detect  thin  outflows 
(100-200  m)  occurring  at  a  distance  from  down- 
flows  having  small  dimensions.  Again  the  wind 
and  pressure  sensors  combine  to  provide  a  total 
system  offering  high  reliability  for  detection 
of  outflows.  The  data  set  offers  wide  possibi- 
lities for  further  exploitation  including  case 
study  comparisons  with  numerical  models,  case 
study  comparisons  with  weather  radar  data,  and 
summaries  of  shear  data  and  Doppler  sounder 
profiles  for  computations  of  aircraft  response 
and  design  of  remote  sensing  systems. 


The  observations  range  from  large  wind 
surges,  pressure  jumps,  and  temperature  drops 
caused  by  strong  thunderstorm  gust  fronts  to 
weak  wind  surges  caused  by  mixing  in  ground- 
based  inversions.  A  complete  mesoanalysis ,  as 
done  by  Fujita  (1978),  was  not  possible  for  each 
event.  Thus,  the  categorization  of  events  must 
remain  tentative.  Nevertheless  the  source 
mechanism  for  most  disturbances  was  clear  and 
only  a  small  percentage  of  events  seemed  diffi- 
cult to  identify.  Also,  some  measurements 
placed  in  one  category  (for  example  a  pre- 
frontal squall-line)  show  evidence  of  other 
effects  as  well  —  a  boundary  layer  break  up, 
gravity  waves,  and  downflows  could  also  accomp- 
any the  flow  discontinuity.  Moreover,  the 
definition  of  an  event,  with  comparisons  between 
the  various  sensors,  was  a  circular  process 
since  each  element  of  the  system  was  itself 
being  evaluated. 

One  further  point  of  caution  is  in 
order  before  presenting  the  data.  One  has  to  be 
careful  in  designing  detection  systems  based 
upon  short-term  (~1  year)  observations,  since  it 
is  usually  extreme  deviations  from  the  norm  that 
cause  disasters  in  terms  of  lives  and  property. 
In  spite  of  these  qualifications  these  data 
represent  great  value  in  terms  of  being  able  to 
relate  y-scale  array  (~1  km  spacings)  observa- 
tions to  vertical  remote  sensor  data,  permitting 
documentation  of  the  structure,  source,  and 
detectability  of  a  variety  of  wind-shear  events. 
In  fact,  we  accumulated  a  great  deal  of  informa- 
tion valuable  for  the  design  of  detection  sys- 
tems. 

2.        HISTOGRAMS  SHOWING  FREQUENCY  OF 

VARIOUS  TYPES  OF  EVENTS  AS  A  FUNCTION 
OF  M0NTH-0F-YEAR 


2.1 


Thunderstorms,  Squall-lines  and 
Fronts  (Figure  1) 


Figure  1  shows  that  most  of  these  dis- 
turbances occur  during  the  summer  months.  The 
solid  bars  indicate  the  portion  of  disturbances 
that  were  significant  (because  of  the  magnitude 
of  the  accompanying  wind  surge  or  pressure 
jump).  Of  the  131  events,  93  we  characterize  as 
significant  because  they  could  have  triggered 
warning  systems  based  upon  surface  wind  vector 
changes,  upper  level  flow  changes,  or  pressure 
jumps.  These  events  related  to  thunderstorms, 
squall-lines  or  fronts  accounted  for  82%  of  all 
of  the  "significant"  events.  This  breakdown 
agrees  with  the  percentage  obtained  (82%)  by 
Bedard  and  Cairns  (1977)  for  the  Chicago  O'Hare 
airport  area.  The  exact  agreement  is  probably 
accidental. 
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Figure  1.  Histogram  showing  the  number  of 
events  related  to  thunderstorms,  squall- 
lines,  or  frontal  passages  as  a  function  of 
month-of-the-year. 


2.2 


Boundary  Layer  Effects 


The  next  most  frequent  class  of  dis- 
turbances is  caused  by  "boundary  layer  effects". 
We  interpret  most  of  these  as  resulting  from  a 
jet  aloft  mixing  down  to  the  surface  through  a 
surface-based  inversion.  The  18  events  in  this 
category  accounted  for  11  or  about  10%  of  the 
total  number  of  significant  disturbances  due  to 
all  causes.  We  shall  show  that  this  class  of 
disturbance  is  a  chief  source  of  false  alarms 
for  wind  detectors.  Pressure  jumps  large  enough 
to  trigger  dP  detectors  accompanied  three  of  the 
surface  wind  surges.  Paradoxically,  the  exist- 
ence of  a  wind  surge  at  the  surface  can  signify 
the  breakup  of  a  surface  inversion  and  the  end 
of  a  dangerous  vertical  shear  (dU/dZ)  situation. 


2.3 


Gravity-Shear  Waves 


Whereas  boundary  layer  effects  can 
cause  false  alarms  for  wind  sensor  systems, 
gravity-shear  waves  aloft  can  account  for  most 
false  alarms  on  pressure  sensor  systems.  The 
eight  events  detected  occurred  during  the  fall 
and  winter  months  accounting  for  five  or  about 
4%,  of  the  total  number  of  significant  events, 
detected.  Only  very  minor  wind  speed  distur- 
bances occurred  at  the  times  of  these  pressure 
waves . 


2.4 


Gravity  Waves 


Although  wind  shear  may  often  be  a 
factor  in  the  production  and  propagation  of 
these  waves,  the  term  gravity  wave  is  used  to 
emphasize  their  frequent  relation  to  ground- 
based  inversions.  Such  coherent  waves  can 
increase  the  danger  of  already  hazardous  wind- 
shear  situations.  One  of  the  four  waves  mea- 
sured involved  both  pressure  and  surface  wind 
changes  large  enough  to  cause  detection  by  a 
system  of  surface  sensors  and  could  have  been 
important  to  aircraft  operations. 


High,  gusty  winds  can  cause  local 
pressure  fluctuations  large  enough  to  cause 
false  alarms.  Three  notable  cases  occurred 
during  the  winter  months.  Fortunately  these 
fluctuations  are  of  short  duration  (usually  less 
than  4  seconds)  and  may  be  eliminated  by  requir- 
ing significant  pressure  triggers  to  have  dura- 
tions longer  than  4  seconds  or  using  spatial 
filters  (Bedard,  1977). 

3.        STATISTICS  OF  OBSERVATIONS  RELATED  TO 
THUNDERSTORMS,  SQUALLLINES  AND 
FRONTS 


3.1 


Surface  Wind  Observations 


Figure  2  is  a  plot  of  the  surface 
(standard  7  ra  height)  wind  speed  change  in  m  s  1 
as  a  function  of  the  surface  wind  vector  change 
in  m  s  .  Note  that  while  the  wind  speed  change 
cannot  exceed  the  magnitude  of  the  wind  vector 
change,  a  significant  number  of  data  points 
indicate  that  the  wind  vector  change  is  fre- 
quently larger  than  the  wind  speed  change  by  a 
factor  of  2  or  3.  In  fact  three  points  show  no 
wind  speed  change  accompanying  wind  vector 
shifts.  These  data  indicate  the  value  in  making 
measurements  of  wind  vector  differences. 

Figure  3  is  a  plot  of  the  peak  wind 
speed  as  a  function  of  vector  difference.  Al- 
though the  wind  speed  surge  can  be  much  smaller 
than  the  vector  change,  a  wind  speed  threshold 
detector  (Bedard  and  Fujita,  1978)  with  a  trig- 
ger point  at  say  20  knots  would  detect  most 
disturbances  having  vector  shifts  in  excess  of 
10  m  s  1.  In  fact  figures  2  and  3  show  that  the 
probability  of  such  detection  is  greater  the 
more  severe  the  vector  shift.  In  these  plots 
where  spatial  variability  occurs  with  a  number 
of  anemometers,  the  data  point  represents  the 
average  value. 


3.2 


Surface  Pressure  Observations 


Figure  4  is  a  plot  of  the  maximum 
pressure  change  in  mb  as  a  function  of  the  rise 
time  (t)  in  seconds  for  all  events  for  which 
accurate  pressure  data  were  available.  Figure 
5  is  a  plot  of  the  maximum  pressure  change  as  a 
function  of  the  rise  time  I  for  events  showing  a 
surface  wind  vector  change  of  at  least  7ms1. 
The  straight  lines  on  figures  4  and  5  indicate 
the  approximate  threshold  of  a  pressure  jump 
sensor  designed  for  wind-shear  detection.  The 
group  of  points  in  figure  5 ,  located  below  the 
sensor  threshold  at  900-sec  (15  minute)  periods 
represent  data  from  the  less  accurate  station 
barograph,  the  only  pressure  data  source  for  the 
first  5  months  of  operation.  Thus,  this  group 
of  data  points  shown  at  900-sec  periods  repre- 
sent a  maximum  rise-time  estimate  for  these 
events.  Note  that  most  of  the  events  having 
large  amplitudes  and  short  rise  times  (<600 
seconds)  occur  with  the  larger  wind  vector 
surges.  As  with  the  anemometer  data,  where 
spatial  variability  occurs  with  a  number  of 
pressure  sensors,  the  data  point  plotted  repre- 
sents average  values  of  pressure  and  rise  time. 
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Figure  2.  Plot  of  surface  wind  speed  change 
as  a  function  of  surface  wind  vector 
change. 


Figure    3.       Plot    of    peak    surface    wind    as    a 
function  of  surface  wind  vector  change. 
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Figure   4.     Pressure  change   (dP)   as  a  function 
of  rise  time  (t)  for  all  events. 
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Figure  5.  Pressure  change  (dP)  as  a  function 
of  rise  time  (t)  for  events  showing  a 
surface  wind  vector  change  exceeding  15 
knots. 
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Figure  6.  Relative  arrival  times  of  pressure 
and  wind  disturbances. 


Figure  6  is  based  upon  data  obtained 
during  1977  at  Chicago's  O'Hare  International 
Airport.  It  shows  the  arrival  times  of  the 
start  of  the  pressure  jump  detector  triggers 
compared  with  either  the  time  at  which  the  wind 
vector  change  for  a  co-located  anemometer  ex- 
ceeded 15  knots  or  the  surge  maximum  time  for 
low-wind  cases.  These  data  obtained  at  six 
tower  locations  near  the  ends  of  runways,  use 
the  same  data  recording  system  eliminating  any 
ambiguity  concerning  relative  arrival  times.  The 
plots  indicate  that  a  warning  of  over  1  minute 
is  often  provided  by  dP  detectors  relative  to 
co-located  wind  sensors. 


3.3 


Doppler  Acoustic-Microwave  Radar 
Observations 


The  Doppler  acoustic-microwave  radar 
described  by  Hardesty  et  al.  (1977)  provided 
wind  speed  and  wind  direction  profiles  for  com- 
parison with  the  array  of  surface  sensors.  These 
profiles  represent  6  minute  exponential  averages 
(with  the  most  recent  data  weighted  most  heav- 
ily) and  are  designed  to  depict  the  mean  flows 
and  not  the  fine  structure.  Also,  the  sounder 
system  did  not  operate  for  several  key  periods. 
In  spite  of  these  limitations  profiles  obtained 
permitted  the  description  of  47  events.  While 
there  is  relatively  good  agreement  between  the 
wind  direction  estimates  obtained  by  the  two 
methods,  there  is  a  considerable  amount  of 
scatter  in  the  wind  vector  comparison.  Low- 
surface  wind  measurements  could  result  from 
stable  layers  near  the  surface;  low  sounder 
estimates  could  result  from  failures  to  detect 
vertical  components  or  from  the  averaging  time 
used. 


3.4 


Surface  Temperature  Observations 


Figure  7  is  a  plot  of  the  surface 
wind-vector  change  in  m  s  x  as  a  function  of  the 
surface  temperature  change  in  °C.  Although 
there  is  considerable  scatter,  the  tendency  for 
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Figure  7.   Surface  wind  vector  change  as  a 
function  of  surface  temperature  change. 
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Figure  8.  Plot  of  the  ratio  of  ^he  Doppler 
sounder  wind  vector  change  dU,  to  the 
surface  wind  vector  change  dU  as  a  func- 
tion of  the  surface  temperature  change. 


the  larger  temperature  decreases  to  be  related 
to  the  larger  gust  surges  is  evident.  However 
there  are  also  many  cases  where  zero  or  even 
positive  temperature  changes  occur.  Thus  it 
seems  that  temperature  sensors  will  not  be  an 
effective  tool  for  wind  shear  warning  systems. 

Figure  8  is  an  important  figure  be- 
cause it  illustrates  that  both  temperature  and 
wind  sensors  can  underestimate  the  severity  of 
density  currents  aloft,  pointing  to  stable 
surface  layers  as  the  cause.  The  ratio 
dU./dU  (the  Doppler  sounder  wind  vector  change 
to  the  surface  wind  vector  change)  appears  as  a 
function  of  the  temperature  change  in  °C.  On 
this  plot  the  open  diamonds  occur  during  the 
hours  0900  to  2000  and  the  solid  circles  from 
2000  to  0900  local  time.  This  later  interval  is 
statistically  the  time  during  which  stable 
layers  can  exist.  The  choice  of  these  intervals 
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was  guided  b^  the^  results  of  Geiger  (1973).  When 
the  ratio  dU  /dU  is  greater  than  1  the  wind 
surge  at  the  surface  is  less  than  the  discontin- 
uity aloft;  the  plot  shows  that  in  many  cases  it 
is  significantly  less  (factors  of  2  or  more). 
Of  the  19  cases  showing  zero  temperature  change 
or  temperature  rises  13,  or  68%,  occurred  during 
intervals  of  probable  stability.  Thus  we  infer 
that  the  presence  of  stable  layers  can  prevent 
the  upper  level  flow  from  being  represented  at 
lower  levels. 

Thunderstorm  outflows  following  pre- 
vious thunderstorms  will  encounter  such  stable 
layers  because  of  the  cool  air  present  from  the 
previous  storm.  We  have  noted  several  cases 
where  subsequent  outflows  demonstrated  large 
spatial  variability  in  the  surface  wind  surges 
that  could  be  explained  by  the  presence  of 
stable  layers. 


400 


3.5 


Weather  Radar  Observations 


Weather  radar  observations  compared 
with  these  surface  data  indicate  a  fascinating 
variety  of  combinations.  Cases  range  from 
isolated,  small  stationary  echoes  at  a  distance 
from  the  array,  well-defined  echo  lines  moving 
at  high  speed,  and  surges  developing  from 
bulges  in  echo  lines  (as  described  by  Fujita, 
1978)  to  extensions  from  the  ends  of  echo  lines 
into  no-echo  regions.  We  have  compared  the 
surface  parameters  to  the  echo  bearing  or  propa- 
gation direction  as  well  as  to  the  speed  of 
motion  of  the  echo.  Events  also  occurred  within 
broad  echo  regions,  several  of  these  showing 
evidence  of  downflow  effects.  We  should  perform 
additional  mesoanalyses  using  selected  events 
from  this  data  base.  The  valuable  analysis  of 
Fujita,  1978,  using  only  data  from  a  single  day, 
is  only  an  example  of  what  could  be  done  with 
these  data. 

Figure  9  compares  surface  wind  direc- 
tion as  a  function  of  radar  echo  direction  in 
degrees,  showing  quite  good  agreement.  Most 
systems  were  located  or  approached  from  between 
azimuths  of  250°  and  360°  from  the  Dulles  array. 

In  a  more  complete  report  to  the 
Federal  Aviation  Administration  (currently  in 
process)  we  studied  the  surface  wind  vector 
change,  pressure  disturbance  speed,  and  Doppler 
radar  wind  vector  change  as  a  function  of  radar 
echo  speed.  There  seems  to  be  a  tendency  for  the 
surface  wind  vector  to  be  less  than  the  radar 
echo  speed  while  the  speed  of  the  pressure 
disturbances  tends  to  be  greater  than  the  radar 
echo  speed.  However,  there  is  a  considerable 
amount  of  scatter  in  the  data  points.  It  seems 
that  the  more  rapidly  moving  echoes  are  related 
to  the  more  intense  lower  level  flows  and  rap- 
idly moving  pressure  changes.  We  observed  seve- 
ral cases  where  a  slowly  moving  echo  line  pro- 
duced a  lobing  echo  moving  from  a  different 
direction  at  over  twice  the  speed  of  the  echo 
line.  Also,  we  observed  one  case  where  the  flow 
surge  originated  from  the  rear  of  an  echo  that 
had  already  passed  over  the  array.  Although 
many  line  echoes  move  at  approximately  uniform 
speeds  we  observed  cases  where  it  would  be  quite 
difficult  to  infer  existing  or  future  surface 
effects  from  the  conventional  weather  radar  data 
alone. 


0   50  100  150  200  250  300  350  400 
Weather  Radar  Echo  Direction  in  Degrees 

Figure  9.  Direction  of  surface  wind  as  a 
function  of  weather  radar  echo  direction  in 
degrees . 
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Figure  10.  Vertical  shear  in  s  '  determined 
from  Doppler  acoustic/  microwave  radar  as  a 
function  of  layer  thickness  in  meters  for 
thunderstorm  squall-line  and  frontal- 
related  events.  The  straight  lines  on  this 
figure  indicate  lines  of  constant  wind 
vector  change. 


3.6       Implications  for  the  Design  of 
Detection  Systems 

Figures  10  and  11  present  several 
important  points  concerning  vertical  wind  shear 
(dU/dZ).  Using  the  Doppler  profiles  we  computed 
maximum  shear  values,  and  these  appear  as  a 
function  of  layer  thickness  in  Fig.  10.  The 
lines  of  equal  wind  vector  change  on  this  figure 
should  also  be  used  as  an  index  of  severity. 
Thus,  a  shear  of  .08  occurring  over  a  50-m  layer 
could  be  relatively  safe  compared  with  the  same 
shear  value  occurring  over  a  greater  thickness 
and  hence  representing  greater  speed  changes 
relative  to  an  air  foil.  There  is  a  need  to 
define  the  dangerous  situations  for  a  variety  of 
aircraft  in  terms  of  both  shear  magnitude  and 
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Figure  11.  The  ratio  of  vertical  shear  Sj 
associated  with  discontinuity  to  the  verti- 
cal shear  S2  prior  to  the  discontinuity  as 
a  function  of  the  horizontal  wind  vector 
change. 


the  layer  or  length  over  which  the  shear  occurs. 
Also  the  profiles  are  averaged  so  that  we  did 
not  detect  the  large  fluctuating  shear  compo- 
nents which  certainly  accompany  some  average 
shear  conditions.  There  is  a  great  need  to 
obtain  statistics  concerning  these  deviations 
relative  to  conditions  of  mean  shear. 

Figure  11  is  a  plot  of  the  vertical 
shear  associated  with  the  flow  discontinuity 
divided  by  the  vertical  shear  prior  to  the 
arrival  of  the  discontinuity  as  a  function  of 
the  vector  change.  When  there  is  no  change  in 
the  shear  magnitude  the  ratio  is  1,  values 
greater  than  1  indicating  increased  shear  and 
less  than  1  indicating  reduced  shear.  Sur- 
prisingly, for  six  of  the  cases  the  vertical 
shear  decreased  behind  the  flow  discontinuity. 
Perhaps  this  was  caused  by  the  destruction  of  a 
stable  surface  layer.  In  any  event  there  seems 
no  clear  relation  between  the  speed  of  motion  of 
the  discontinuity  relative  to  the  medium  and  the 
associated  vertical  wind  shear.  A  summary  of 
wind  profiles  from  these  data  sets  should  be 
made  available  to  those  modeling  aircraft  re- 
sponse. 

4.        STATISTICS  OF  OBSERVATIONS  RELATED 
TO  BOUNDARY  LAYER  EFFECTS 

4.1       Sample  Case  Study  Illustrating  a 
Boundary  Layer  Disturbance 

Figure  12  shows  the  surface  wind  speed 
disturbance  together  with  vertical  profiles  at 
two  different  times.  Also  a  pressure  jump  and 
small  temperature  disturbance  accompanied  the 
wind  surge.  The  large  shear  that  exists  at 
lower  levels  could  have  caused  a  gravity  wave 
disturbance  on  the  basic  flow.  A  sudden  penetra- 
tion of  the  boundary  layer  by  the  upper  level 
flow  could  explain  the  wind  surge  observed.  The 
vertical  velocity  components  could  have  caused 
(or  have  been  caused  by)  the  pressure  gradient 
observed. 


4.2  Measurement  Statistics  of  Boundary 
Layer  Disturbances 

Figure  13  is  a  plot  of  the  surface 
wind  vector  change  attributed  to  boundary  layer 
disturbances  as  a  function  of  the  temperature 
change  in  °C.  Of  the  19  disturbances  on  the 
plot  all  but  three  occurred  with  zero  or  posi- 
tive temperature  changes.  Figure  14  is  a  histo- 
gram showing  the  time-of-day  variation  of  this 
class.  There  seems  a  tendency  for  these  surges 
to  occur  during  the  hours  of  the  day  when  stable 
layers  occur  or  during  the  morning  hours  when 
convective  activity  causes  such  layers  to  break 
up. 

4.3  Implications  for  the  Design  of 
Detection  Systems 

Although  most  of  the  surges  attributed 
to  boundary  layer  disturbances  tend  to  be 
relatively  weak  (lower  than  15  knots),  such 
surges  occurred  at  different  times  for  different 
anemometers  (probably  because  local  terrain 
effects  dominated).  The  vector  differences 
between  some  pairs  of  spatially  separated 
anemometers  were  significant.  Also  these  bound- 
ary layer  disturbances  tend  to  occur  at  times 
when  propagating  flow  discontinuities  show 
reduced  surface  interaction.  Such  effects  seem 
to  represent  the  chief  source  of  false  alarms 
for  surface  anemometers.  Figure  15  is  a  plot  of 
the  vertical  shear  present  during  these  disturb- 
ances. This  plot  shows  strong  shears  in  the 
lowest  200  meters  near  the  times  of  these 
disturbances,  suggestive  of  the  existence  of 
stable  surface  layers.  In  a  number  of  instances 
the  surface  surge  coincided  with  a  reduction  in 
the  vertical  shear.  Also,  there  is  evidence 
(Hill,  1976)  that  in  different  geographical 
locations  much  larger  wind  surges  could  occur. 

5 .        STATISTICS  OF  OBSERVATIONS  RELATED 
TO  GRAVITY-SHEAR  WAVES 

5.1      Measurement  Statistics  for  Gravity- 
Shear  Wave  Disturbances 

The  horizontal  trace  speeds  of  the 
pressure  waves  tend  to  match  the  500-mb  wind 
speed  above  the  Dulles  location.  The  speeds  are 
usually  higher  than  pressure  disturbance  speeds 
normally  measured  from  thunderstorms  or  squall- 
lines  (>30  m  s"1).  The  azimuth  of  the  pressure 
waves  often  tracks  the  500-mb  wind  direction 
above  the  Dulles  location.  These  observations 
are  consistent  with  past  observations,  and  the 
percentage  (4%)  of  the  total  number  of  signifi- 
cant gravity-shear  wave  events  is  consistent 
with  the  estimates  of  Bedard  and  Cairns  (1977) 
for  the  Chicago  O'Hare  airport  area. 

5.2       Implications  for  the  Design  of 
Detection  Systems 

Gravity-shear  waves  related  to  upper 
level  jet  streams  represent  the  most  important 
source  of  false  alarms  for  pressure  sensor, 
systems.  The  facts  that  only  minor  wind  speed 
and  direction  disturbances  accompany  these 
events  and  that  they  frequently  occur  in  the  ab- 
sence of  adverse  weather  conditions  help  to 
prevent  these  false  alarms  from  presenting  a 
major  problem. 
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Figure    12.      Sample   case   study   illustrating  a   boundary   layer  disturbance. 
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Figure  14.   Histogram  showing  the  number  of  boundary  layer  disturbances 
as  a  function  of  time  of  day. 
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Figure  15.  Vertical  shear  in  s  1  determined 
from  Doppler  acoustic/  microwave  radar  as  a 
function  of  layer  thickness  in  meters  for 
events  related  to  boundary-layer  distur- 
bances. 
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Figure  16.  Case  study  illustrating  a  gravity 
wave  disturbance  on  8  July  1977,  occurring 
between  0100  and  0300  EDT. 


6.1       Case  Study  Comparing  Surface 

Observations  for  a  Gravity-Wave 
Event 

Coherent  wave  fields  (such  as  those 
shown  in  Figure  16)  can  increase  the  hazard  for 
marginally  dangerous  shear  situations.  Such 
gravity   wave   events   producing   large   enough 


pressure  changes  and  wind  ••"ctor  shifts  to  cause 
wind-shear  alerts  on  wind  speed  and  pressure 
&  ior  systems  should  not  be  considered  false 
alarms.  Figure  16  also  shows  the  large  surface 
wind  vector  changes  that  can  occur  along  a 
flight  path  coinciding  with  the  direction  of 
propagation  of  this  wave. 
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6. 2       Implications  for  the  Design  of 
Detection  Systems 

At  the  Dulles  location  only  one  large 
amplitude  gravity  wave  occurred  that  was  signi- 
ficant in  terms  of  proposed  detection  systems. 
Such  large  waves  could  constitute  a  hazard  in 
their  own  right.  Smaller  amplitude  waves  may 
excite  control  resonances  and  hence  be  important 
for  aircraft  operations.  In  fact,  mean  shear 
statistics  may  not  be  sufficient  for  modeling 
air  foil  response  until  the  perturbation  statis- 
tics are  also  specified  (whether  their  source  be 
waves  or  incoherent  fluctuations).  Remote 
sensing  techniques  should  be  applied  to  obtain 
these  statistics  along  flight  paths  under  a 
variety  of  conditions. 


7. 


CONCLUDING  REMARKS 


The  statistical  data  presented  here 
support  detection  concepts  requiring  combina- 
tions of  wind  and  pressure  sensors,  and  suggest 
two  modes  of  operation  for  operational  use. 
With  no  thunderstorm  wind-shear  threat  present 
(e.g.,  no  weather  radar  echoes  of  thunderstorms 
within  100  km),  a  system  requiring  inputs  from 
both  pressure  sensors  and  wind  sensors,  to 
institute  an  alert,  reduces  false  alarms  caused 
by  both  gravity-shear  waves  and  boundary  layer 
breakups.  With  severe  local  weather  present 
(e.g.,  approaching  fronts  or  thunderstorms)  re- 
quiring detection  by  only  pressure  or  wind 
sensors  for  an  alert  reduces  the  possibility  of 
missing  events  because  of  stable  layers  limiting 
flow  near  the  surface  or  thin  layers  from  small, 
distant  downflows.  Bedard  and  Hooke  (1978) 
suggest  a  configuration  of  pressure  sensors, 
anemometers,  and  wind  speed  threshold  sensors 
(Bedard  and  Fujita  (1978))  for  thunderstorm 
wind-shear  detection  near  airports. 

Some  localities  seem  susceptible  to 
shears  of  different  origin  requiring  specifi- 
cally tailored  detection  techniques.  For  exam- 
ple Hill  (1976)  identifies  a  chief  source  of 
dangerous  shear  for  Reno,  Nevada,  as  downslope 
winds  above  a  ground-based  inversion.  A  verti- 
cally profiling  remote  sensor  (e.g.,  Hardesty  et 
al.,  1977)  offers  protection  in  such  situations. 
Although  we  detected  several  events  which  we 
interpret  as  downbursts  (Fujita  and  Carecena, 
1977)  we  had  no  means  of  independently  measuring 
the  magnitude  of  the  vertical  speeds  involved. 
We  have  suggested  that  closely  spaced  arrays  of 
pressure  and  wind  threshold  sensors  (200-m 
intervals)  along  runways  can  detect  transient 
and  spatially  concentrated  downbursts. 

As  more  complete  data  concerning  wind 
shear  become  available  from  different  geograph- 
ical regions,  and  wind-shear  detection  systems 
are  developed,  care  should  be  taken  to  keep  in 
mind  the  multi-faceted  nature  of  the  total  wind 
shear  problem.  There  is  a  great  need  to  in- 
crease the  cooperative  work  between  those  devel- 
oping wind  shear  data  sets,  those  estimating  and 
measuring  aircraft  response,  and  those  develop- 
ing advanced  remote  sensors.  The  production  of 
algorithms  defining  significant  shear  for  remote 
sensing  systems  depends  upon  definitions  of  the 
precise  limits  of  dangerous  shear  for  a  variety 


of  aircraft  which  in  turn  depend  upon  the  avail- 
ability of  realistic  data  from  case  studies  of 
atmospheric  shear  events,  including  the  fluctu- 
ating components. 
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1 


INTRODUCTION 


We  present  a  case  study  illustrating 
how  combinations  of  remote  and  in- situ  sensors 
can  provide  much  detail  concerning  atmospheric 
density  currents.  The  data  set  combines  re- 
sults from  a  monostatic  acoustic  sounder  (Parry 
and  Sanders,  1972),  a  Doppler  acoustic/microwave 
radar  (Hardesty  et  al.,  1977)  and  a  dense  array 
of  surface  sensors  (Bedard  et  al.,  1977). 
Figure  1  shows  the  locations  of  the  surface 
pressure  array,  temperature  sensor,  and  rain 
gauge  in  relation  to  the  sounder  and  radar.   The 
Doppler  radar  and  surface  array  constituted  part 
of  an  experimental  wind  shear  detection  system 
and  were  developed  and  deployed  by  the  Wave 
Propagation  Laboratory  of  NOAA,  under  the 
sponsorship  of  the  Systems  Research  and  Develop- 
ment Office  of  the  Federal  Aviation  Administra- 
tion. The  monostatic  acoustic  radar  was 
operated  independently  by  the  Equipment  Develop- 
ment Laboratory  of  NOAA's  Weather  Service. 
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Figure   1.      Locations  of  surface  array  of  absolute 
pressure  sensors     temperature  sensor,   and  rain 
gauge  in  relation  to  the  monostatic  acoustic 
sounder  and  acoustic-microwave  radar.      The 
anemometer  data  are  from  a  sensor  at  the   loca- 
tion of  the  acoustic-microwave  radar. 

In  addition  to  providing  a  vivid 
illustration  of  an  atmospheric  density  current 
inducing  mixing  in  an  atmospheric  boundary  layer, 
this  case  study  demonstrates  how  stable  layers 


can  limit  strong  surface-layer/upper-level-flow 
interactions.  Moreover,  the  "fine  structure" 
shown  is  illustrative  of  the  realities  involved 
in  modeling  wind  shear- aircraft  interactions 
related  to  density  currents  (which  appear  as 
complex  three-dimensional  flow  fields,  themselves 
imbedded  in  complex  time-varying  flows) . 


2. 


THE  CASE  STUDY  OF  27  SEPTEMBER  77 


Figure  2  presents  the  monostatic 
sounder  data  together  with  Doppler  sounder  ver- 
tical wind  speed  and  direction  profiles  for 
specific  times  through  the  vertical  cross  sec- 
tion. The  top  of  the  solid  return  at  about 
300  m  probably  marks  the  top  of  an  inversion 
layer.  A  rawinsonde  observation  at  1900  EDT 
shows  the  presence  of  an  inversion.  At  about 
2110  EDT,  a  disturbance  with  a  wave-like  struc- 
ture at  the  leading  edge  appears  above  the  in- 
version layer.  We  interpret  this  discontinuity 
as  an  atmospheric  density  current.  The  Doppler 
sounder  profiles  indicate  a  wind  vector  change  in 
excess  of  10  ms"*  at  500  m  accompanying  the 
density  current.  The  wind  shear  between  the 
surface  and  300  m  also  indicates  the  presence  of 
the  stable  layer. 

Figure  3  shows  the  monostatic  sounder 
data  (the  same  as  in  figure  2)  together  with 
surface  observations  of  temperature,  and  rain 
rate,  wind  speed,  wind  direction,  and  pressure 
all  adjusted  to  a  common  time  scale.  The  tem- 
perature shows  an  increase  associated  with  the 
leading  edge  of  the  density  current  rather  than 
the  expected  decrease.  The  increase  in  rain  rate 
occurring  later  in  the  event  probably  results 
from  a  separate  source  region  moving  :rom  a 
different  direction.  A  minor  increas  ;  in  wind 
speed  and  a  significant  rise  in  pressure  accompany 
the  leading  edge  of  the  discontinuity.  The  form 
of  the  surface  pressure  trace  is  a  representation 
of  the  form  of  the  density  current  aloft.  This 
is  because  an  important  component  of  the  pressure 
field  results  from  the  integrated  density  changes 
in  the  column  of  air  above  the  sensor.  Data 
from  the  pressure  sensor  (Pol)  closest  to  the 
monostatic  sounder  show  the  perturbation  at  the 
leading  edge. 

Figure  4  is  a  cross-sectional  model 
illustrating  a  density  current  flowing  on  a 
stable  layer  and  inducing  mixing  in  the  boundary 
layer.  This  simple  model  is  representative  of  a 
situation  in  the  atmosphere,  where  a  cold  air 
outflow  (with  density  p2)  impinges  on  or  rides 
over  an  inversion  layer  (density  pi)  inducing 
mixing  or  eroding  the  layer.  The  vectors  in  the 
boundary  layer  depict  how  the  flow  can  develop, 
at  the  same  time  mixing  warmer  air  down  to  the 
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Figure  2.     Monoetatia  sounder  record  showing  an 
atmospheric  density  current  together  with 
Doppler  sounder  vertical  wind  speed  and  direc- 
tion profiles. 
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Figure  3.     Monostatic  sounder  data  together  with 
surface  observations  of  temperature  and  rain 
rate,   wind  speed,   -oind  direction,   and  pressure 
all  adjusted  to  th?  same  time  soale. 


surface.  This  simple  view  can  explain  the  ob- 
servations shown  in  figure  3.   Greene  et  al. 
(1977)  present  an  example  showing  the  erosion 
of  the  boundary  layer  over  a  1/2-h  time 
period. 

Figure  5  shows  weather  radar  data  at 
2115  and  2120  EDT.   The  square  on  each  picture 
identifies  the  10-km  site  of  the  Dulles  Inter- 
national Airport  array.  Note  that  the  small 
stationary  echo  located  just  outside  the  array 
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Figure  4.     A  cross-sectional  model  of  a  deisity 
current  flowing  above  a  stable  layer  and  in- 
ducing mixing. 


boundary  to  the  NNW  is  at  the  approximate  bear- 
ing of  the  pressure  disturbance.  This  echo 
is  the  probable  source  of  the  outflow  detailed 
in  this  paper. 

Figure  6  presents  the  pressure  data 
for  four  sites,  with  asterisks  indicating  the 
start  of  the  pressure  rise  and  the  pressure 
maximum  for  each  site.  Calculation  of  azimuth 
and  speed  of  motion  were  based  upon  various 
three-site  combinations.  The  average  rise  time 
and  peak  pressure  change  estimates  were  351'  s 
and  0.64  mb.  The  average  speed  was  12.8  ms'  *• 
from  an  azimuth  of  339  degrees. 

Comparisons  between  the  various  £.b- 
solute  pressure  sensors  (Fig.  6)  indicate  that 
the  disturbance  following  the  leading  edge  of 
the  density  current  is  not  evident  for  Pq3  only 
2  km  to  the  west  of  the  propagation  path  of  the 
disturbance  passing  through  Pqj  (near  the  n.ono- 
static  sounder  site) .  We  conclude  that  such 
density  currents  can  have  large  perturbations 
with  scale- lengths  of  the  order  of  kilometers. 
Pq8>  which  is  approximately  along  the  Pqi  propa- 
gation path,  does  show  a  pressure  perturbation 
after  the  initial  jump.   Idso  (1972)  presents 
data  indicating  the  complex  three-dimensional 
nature  these  systems  can  possess.  The  numerical 
results  of  Teske  and  Lewellen  (1977)  predict 
such  complex  forms  for  density  currents,  al- 
though thus  far  they  have  published  results  only 
for  the  two-dimensional  situation. 

Using  the  pressure  data  nearest  the 
monostatic  sounder  (Prjl)  together  with  vertical 
structure  information  from  the  monostatic  sounder 
we  estimated  the  average  temperature  within  the 
density  current.  Both  the  rawinsonde  data  and 
monostatic  sounder  data  indicate  an  inversion 
height  of  about  300  m.  Taking  the  peak  pressure 
change  of  0.51  mb  and  estimating  a  height  of 
700  m  for  the  current  head  above  the  invers Ion  we 
estimated  that  the  mean  temperature  in  the 
current  was  1.8°C  less  than  the  air  in  front  of 
the  current  or  about  17.7°C.   (This  calculation 
ignored  dynamic  effects.)   This  value  corresponds 
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Figure  5.      Weather  radar  data  at  two  times  with,  a  square  on  each  picture 
identifying  the  10-hn  site  of  the  Dulles  International  Airport  array. 
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Figure  6.     Pressure  data  for  four  sites  illustrat- 
ing the  progression  of  a  disturbance  across  the 
array  of  pressure  sensors. 


with  the  temperature  of  the  air  near  the  surface. 
Also  we  computed  the  amplitudes  of  the  perturba- 
tion behind  the  head  from  the  pressure  data 
alone  (again  ignoring  dynamic  effects).  We 
obtained  135  m  which  is  significantly  less  than 
the  approximately  200  m  disturbance  noticed  on 
the  monostatic  sounder.  This  could  result 
from  a  failure  to  account  for  dynamic  effects 
or  from  the  fact,  that  the  pressure  sensor  and 
monostatic  sounder  separation  is  about  1  km. 


The  monostatic  acoustic  sounder  pro- 
vides data  on  the  density -current  vertical 
structure  as  a  function  of  time  from  one  point 
on  the  ground  beneath  the  flow.  Since  we  know 
the  propagation  speed  of  the  pressure  rise 
related  to  the  leading  edge,  we  can  infer  the 
three-dimensional  nature  of  the  flow  from  both 
the  measured  speed  and  direction  of  motion  as 
well  as  from  the  spatial  variability  of  the 
pressure  disturbance,  performing  a  time-space 
conversion.  Also,  data  from  the  Doppler  sounder 
provide  wind  speed  and  direction  as  a  function  of 
height  through  one  cross  section.   Figure  7  shows 
the  inferred  three-dimensional  structure  of  the 
density  current  from  four  viewpoints.  A  rawin- 
sonde  observation  for  1900  EDT  establishes  the 
pre-disturbance  temperature  profile.  Figure  8 
combines  these  data  to  provide  a  3-D  view  of  this 
outflow  air  in  relation  to  the  undisturbed  flow. 
As  the  use  of  combined  remote  sensing  techniques 
becomes  more  practical  and  frequent,  such  detailed 
reconstructions  will  become  feasible  on  a  more 
routine  basis. 

3.        SIGNIFICANCE  OF  THIS  CASE  STUDY  AND 
CONCLUDING  REMARKS 

This  case  study  illustrates  the  value 
of  using  data  from  multiple  sensors  (combinations 
of  remote  and  in-situ  sensors)  to  reconstruct 
events.  Also  it  shows  the  complex  structures 
that  can  exist  at  the  leading  edg^  of  density 
currents.  The  example  indicates  how  a  stable 
layer  can  inhibit  and  slow  the  interaction  of 
a  density  current  with  near-surface  layers. 
Such  stable  layers  can  prevent  surface  anemometers 
from  detecting  or  adequately  estimating  the 
intensity  of  flow  discontinuities  at  higher  levels. 
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Figure  7.     Inferred  2- dimensional  structure  of  the  density  current  from  four  viewpoints. 
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Figure  8.      Summary  figure  illustrating  a  complex  density  current  flowing  from  a  source 

region  on  a  stable  layer.      This  figure  combines  an  artist's  conception 

with  actual  data  from  the  27  Sept.    1977  case  study. 
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Conversely,  this  event  demonstrates  how  the  form 
of  a  density  current  aloft  can  be  reproduced  by 
surface  pressure  measurements. 

Such  situations  have  practical  signi- 
ficance for  the  design  of  airport  wind-shear 
detection  systems  using  surface  sensors.  Al- 
though the  intensity  of  the  case  study  presented 
here  is  relatively  weak,  it  represents  a  situa- 
tion that  is  frequently  present  at  night  or  when 
stable  air  from  previous  thunderstorms  is  present. 
Further  work  is  needed  to  define  the  parameters 
controlling  such  density-current/stable-layer 
interactions  for  the  atmosphere. 
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1. 


INTRODUCTION 


Knowledge  of  precipitation  particle 
growth  trajectories  is  fundamental  to  the  predic- 
tion and  modification  of  precipitation  from  con- 
vective  storms.   If  the  trajectories  are  complex 
and  variable  it  is  much  more  difficult  to  know 
where  seeding  should  take  place  in  order  to 
attempt  to  enhance  precipitation  or  suppress  hail. 
The  Initial  precipitation  formation  case  studies 
being  conducted  by  the  Convective  Storms  Division 
of  NCAR  are  directed  towards  determining  the 
origin  and  growth  trajectories  of  precipitation 
particles  in  convective  storms  in  NE  Colorado. 
The  approach  has  been  to  observe  actively  growing 
cumulus  clouds  simultaneously  with  penetrating 
aircraft  capable  of  measuring  the  microphysical 
properties  of  the  cloud  and  with  multiple-Doppler 
radar  capable  of  yielding  the  three-dimensional 
air  motion  inside  the  cloud. 


2. 


OBSERVATIONAL  COMPONENTS  AND 
THE  STORM  HISTORY 


One  of  the  coordinated  aircraft/ 
multiple-Doppler  radar  case  studies  which  is 
being  investigated  by  the  Convective  Storms  Di- 
vision of  NCAR  is  the  initial  precipitation  for- 
mation case  study  of  25  July  1976.   Two  aircraft 
instrumented  for  detailed  microphysical  measure- 
ments (the  NCAR/NOAA  sailplane  and  the  University 
of  Wyoming  Queen  Air,  N10UW);  two  aircraft  in- 
strumented to  measure  temperature,  humidity, 
vertical  air  motion  and  cloud  nuclei  populations 
at  cloud  base  (the  NCAR  Queen  Airs,  N30AD  and 
N306D);  three  Doppler  radars  (an  NCAR/FOF  5  cm, 


This  research  was  performed  as  part  of  the  Na- 
tional Hail  Research  Experiment,  managed  by  the 
National  tenter  for  Atmospheric  Research  and 
sponsored  by  the  Weather  Modification  Program, 
Research  Applications  Directorate,  National 
Science  Foundation. 


and  two  NOAA/WPL  3  cm  radars)  and  the  NCAR/FOF  10 
cm  radar  were  used  simultaneously  to  investigate 
the  development  of  precipitation  and  three-dimen- 
sional air  motions  inside  a  growing  convective 
storm  of  moderate  intensity  in  northeast  Colorado. 
The  observations  span  a  period  of  about  one  hour 
(1900  to  2000  MDT)1  starting  before  the  appearance 
of  the  first  radar  echo,  through  the  growing  and 
mature  stages  of  the  system,  into  the  dissipating 
stages  of  the  storm. 

Southwestward  motion  of  the  complex 
was  associated  with  nearly  continuous  propagation 
in  a  weakly  sheared  (2x10~3s-1)  environment  (Mar- 
witz,  1972).   The  location  and  motion  of  the  storm 
relative  to  the  radars  is  shown  in  Fig.  1  for  the 
period  1900  to  1936  MDT.   The  contours  on  the 
left-hand  side  of  the  illustration  show  successive 
positions  of  the  radar  echo  at  5  km  MSL.   The  suc- 
cessive positions  of  the  maximum  reflectivities  at 
5  min  intervals  are  indicated  by  sequential  num- 
bers. 

During  the  aircraft  investigations 
of  the  evolving  storm,  the  sailplane  used  the  up- 
draft  to  make  two  ascents  in  cloud,  one  from  1900 
to  1910  (5  to  7  km,  -2  to  -15°C),  and  a  second 
from  1920  to  1932  (5  to  8  km,  -2  to  -20°C).   From 
1911  to  1931  N10UW  made  five  horizontal  penetra- 
tions from  southeast  to  northwest  and  back  direct- 
ly below  the  sailplane  at  about  the  5.5  km  (-4°C) 
altitude  level,  and  from  1940  to  1950  made  two 
passes  through  the  cloud  base  at  U   km  (+6°C).   The 
cloud  base  aircraft  N304D  and  N306D  made  continu- 
ous passes  from  southwest  to  northeast  and  back 
through  both  the  inflow  and  the  weak  outflow  of 
the  storm  Just  below  the  cloud  base  at  3.7  km 
(6°C)  from  1913  to  1935.   The  altitudes  and  times 
of  the  sailplane  and  N1CUW  cloud  penetrations  and 


All  times  are  given  in  Mountain  Daylight  time 
(MDT)  and  all  altitudes  are  given  with  reference 
to  Mean  €ea*  Level  (MSL)  . 
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entire    storm   volume. 


the   subcloud   aircraft    traverses   .ire 
Fig.    2. 


hown  In 


The  10  cm  radar  reflectivity  his- 
tory of  the  storm  is  also  shown  in  Fig.  ^  as  a 
time-height  profile.   Note  the  successive  rise 
and  fall  of  reflectivity  in  the  upper  portion  of 
the  cloud.   This  is  a  result  of  the  rise  and  fal  1 
of  individual  turrets  as  thev  grow  and  decay  in 
the  evolving  storm.   The  rate  of  rise  of  the 
radar  echo  top  between  1900  and  1920  was  about  3 
m/sec.   Although  the  rate  of  rise  is  relatively 
constant  during  this  period  the  overall  growth 
is  a  result  of  successive  turrets  pushing  up  wit h 
speeds  of  5-6  m/sec  on  the  southwest  side  of  the 
storm  with  each  turret  rising  higher  than  its 
predecessor.   The  maximum  reflectivity  of  the 
storm  also  increases  with  time  eventually  reach- 
ing reflectivities  slightly  over  60  dBZ.   Al- 
though reflectivities  did  briefly  exceed  60  dBZ 
near  1925  and  again  ne.ir  1940,  the  regions  of 
reflectivity  greater  than  50  dBZ  were  small. 
The  aircraft  altitudes  superimposed  on  the  re- 
flectivity contours  do  not  imply  necessarily  that 
the  aircraft  were  flying  in  the  high  reflectivi- 
ties as  shown.   Though  some  small  hail  was  en- 
countered by  the  penetrating  aircraft  (N10UW),  it 
was  unlikely  that  any  hail  reached  the  ground. 


3. 


THREF.-DIMENSIONAL  MOTION  FIELDS 


A  detailed  description  of  the  tr*.p- 
le-Doppler  radar  data  analysis  scheme  was  pre- 
sented by  Bohnc  and  Srivastava  (1976)  and,  as 
used  here,  was  summarized  in  Miller  (1978). 
I'riefly,  mean  radial  velocity  estimates  In  each 
of  the  three  radar  sampling  spaces  were  trans- 
formed to  a  common  Cartesian  analysis  grid  under 
the  assumption  that  these  grid  point  estimates 
were  adequately  represented  by  spatial-weighted 
averages  of  neighboring  samples.   No  attempt  was 
made  to  account  for  temporal  evolution  during  the 
time  (about  2-3  minutes)  necessary  to  sample  the 


These  radial  velocities  were  linear- 
ly combined  to  yield  three  components  of  precipi- 
tation motion.   Large  errors  in  the  vertical 
component  precluded  using  it  in  deriving  vertical 
air  motion.   Instead,  the  horizontal  components 
were  used  in  the  integration  of  the  anelastic  form 
of  the  mass  continuity  equation  to  obtain  verti- 
cal air  motion.   Because  the  lowest  level  diver- 
gence estimates  applied  to  a  layer  centered  400  m 
above  the  ground,  vertical  nir  motion  at  this 
level  was  approximated  by  the  produc*  i-r  these 
divergences  and  this  height  increment.   This  save 
results'  at  cloud  base  which  were  consistent  with 
aircraft  observations  of  vertical  air  motions  of 

1  to  3  m/sec.   Generally,  the  Doppler  derived 
horizontal  air  motion  has  errors  of  about  0.5-1 
m  s   and  represents  nition  at  scales  larger  than 

2  km.   Uncertainties  in  the  vertical  component 
from  the  integration  are  about  1  m/sec.   However, 
the  total  error  depends  on  unknown  errors  in  the 
boundary  conditions  which  cannot  be  accurately 
assessed . 

The  t ripl e-Doppler  radar  measure- 
ments show  the  updraft  to  be  consistently  on  the 
western  side  of  the  storm,  and  of  the  same  magni- 
tude as  the  updrafts  observed  bv  the  four  air- 
craft at  the  different  levels.   Horizontal  flow 
at  5  km  MSL  relative  to  the  moving  storm  for  the 
period  1919-1922  MDT  is  shown  superimposed  on  the 
radar  reflectivity  in  Fig.  3.   The  region  of  up- 
draft derived  from  the  Doppler  radars  is  shaded 
and  regions  with  vertical  velocities  5-10  m  sec-1 
cross  hatched.   Note  the  tendency  for  the  Updraft 
core  to  act  as  an  obstacle  to  midlevel  environ- 
mental flow  (Newton  and  Newton,  1959;  Fankhauser, 
1971).   Such  flow  appears  to  have  caused  dynamic 
entralnment  of  environmental  air  on  the  relative 
downwind  side  of  the  updraft  as  is  discussed  in 
Section  4.   This  air  was  evaporat ively  cooled  and 
sank  creating  a  moderate  downdraft.   The  up-  and 
downdrafts  appear  as  a  closed  circulation  pattern 
evident  in  the  vertical  west -to-east  cross  sect  ion 
through  the  core  of  the  storm  (at  Y  «■  17.5  km  in 
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FJ£.  3)  and  shown  in  Fig.  4.   As  will  hi' discussed 
later,  this  is  the  same  region  in  which  the  sail- 
plane and  N10UW  found  water  drops  and  partially 
melted  ice  particles.   A  vertical  north-to-south 
cross  section  through  this  same  area  (at  X  «•  -7.5 
km  in  Fig.  3)  is  presented  in  Fig.  5.   The  most 
intense  updraft  is  in  the  newer  cell  (region  of  ■ 
>  45  dBZ)  on  the  south  s.ide  of  the  storm.   Weak 
downward  motion  extends  to  t ne  north  in  older, 
less  active  parts  of  the  storm. 

Shortly  after  this  Dopplor  volume 
scan  10UW  made  its  third  penetration  of  the 
storm,  skimming  past  the  i-ore  of  high  reflectiv- 
ity.  Figure  fc  shows  t  lie  aircraft  track  superim- 
posed on  the  storm  echo  pattern  from  the  10  cm 
r.;dar  for  the  time  period  1922  to  1924.  Plots  of 
vertical  velocity,  equivalent  potential  tempera- 
ture (fle),  panicle  concentrations,  and  liquid 
water  content  are  presented  In  Fig.  7. 

Relative  to  the  reflectivity  pat- 
tern, the  location  of  the  updraft  region  detected 
by  10UW  agrees  well  with  the  Doppler  updrift  loca- 
tion of  Fig.  3,  even  though  the  aircraft  data  is 
from  a  slightly  later  time  and  higher  altitude. 
The  magnitude  of  the  updraft s  measured  bv  the 
aircraft  are  generally  larger  than  those  deter- 
mined by  the  radar.   Since  the  Doppler  observa- 
tions represent  scales  only  larger  than  2  km,  small 
scale  variations  seen  in  the  aircraft  updrafts 
such  as  the  minima  at  1923  near  the  reflectivity 
core  are  not  evident  in  the  Doppler  data  of  191 9- 
1922.   This  narrow  region  of  weak  updraft  (only 
0.8  km  long)  was,  no  doubt,  real  since  it  is  re- 
flected In  corresponding  dips  In  *'t,  and  liquid 
water.   Such  small  scale  features,  are 
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Fig.    6.      Flight  track  of  third  penetration  by 
Wyoming  Queen  Air  MOUW.     R.idar  reflectivities 
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below  the   resolved   scales  of   the  floppier   v. -lor  it- 
patterns,    but   may  well    bo    Import. ml    in    ur:    -   .n 
precipitation  particle   trajectories. 


4. 


THE  THERMODYNAMIC   STRUd'HM    >'' 
THE   UFDKAFT--AN    AIM AKAT1C   C>K 


Sailplane  measurements   of    f'      are 
plotted    relative   to   the  moving  storm   for    the    time 
period    1921    to    1927    (5.5   to   7.5   km)   as  an    insert 
in   Kig.    3.      An  unmixed   adiab.it  lc    region  was   found 
near    the   core  of    the    updraft    witli    liKTcasi  !   mix- 
ing   (decreasing   values   of    0e)    found   as    the    sail- 
plane moved   to   the   north  and  east    relative   to   the 
core.      This    increased  mixing    is   consistent   with  a 
turbulent    wake   produced    by    the   obstructed    flow   of 
environmental   air  around    the   updraft   as   seen    in 
Fig.    3.      The   &e  values  at    5.5  km   from   lOUW's  pass 
3  shown    in   Fig.    7    reached    34  5°K   in   the   stronger 
updrafts,   also   Indicating  that    this  air  originated 
near   the   surface  and   rose   to   the  observed    level 
with   very    little   entrainment.      Examination   of    the 
0e  measured   l>v  a    raw  in  sonde   at    the   ground   and   by 
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■'.     f .-•!*■   research   aircraft    at   different   altitudes 
•■••■«sn    ih.it   air    !  rom    the   surf. ire   ascended    unmixed 
. .  l.   ii   t  lie   cloud   base   up   to   at    least    4    kin  above 
'•.-a!    base    (Fip.    8).       This   cloud  is  one  of   several 
m.1.   v:oi:t Jitied   adiab.iric   cores   as    reported   hy 
:  i  ■.xs  field  et  al.    (I97H).     The  scatter    In  ohserv-d 
ihus   .>f   6e    Is  attributable   to   the  aircraft    mov- 
:  "i'-    !  itrough   different    regions   of    the   cloud. 

THF   MICROPHYSICAL   STRUCTURE 
OF   THE   STORM 

During    the    first    ascent    of  the  sali- 
ne,  early    In   the   history  of   the  cloud ,  proc ip- 
'  'tion  particles  were  ohserved  only   near  the  top 

r  fa-   i- limb   .ind  were  almost    exclusively    ice 
in  icles.      A   few   representative   photographs   of 
particles   from  this  ascent   are  shown   in   Fig.    9a) 
through   d).      A    1    mm  scale    is   shown    in    the   upper 
loft-hand  photograph,      c)    is  a  photograph  of  the 
cv'.ly  water  drop    (^0.  5  mm  diameter)   observed  dur^ 
inn 'this   ascent.       [The  dot    pair   uniquely    identi- 
ties water  drops  and   is   a   result   of  the  water 
drop  acting  as  a    lens   for  each  of   the   two    light 
sources    in   the   camera   system    (Cannon,    1974)). 
1  he   observed   time,    temperature    (T    in   °C) ,   alti- 
tude   (Z   in   km  MSL),    updraft    (W   in  m/sec),    and 
■-loud   liquid  water  content    (Q   in  g/m3)  correspond- 
ing  to  each   photograph  are  as  shown.      During  the 
second  sailplane  ascent,    particles  photographed 
fit    relatively  low   levels   in   the  cloud   Included 
••ater  drops,   glistening   ice  particles  suggestive 

.et  growth  (g),  particles  which  had  dot  pairs 
. hararterist ic  of  water  drops  but  were  distorted 
■ind  probably  in  the  process  of  freezing  (e),  and 
recently  frozen  drops    (f)   and    (h). 
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The   sizes    end   cneenr  r    t  i  >n<  •  I"  p.ir- 
ticles    detected    by    I  WW    (Tie,       7)    tal  ,  •     ilet  t-rmi  tied 
by   examination  of   particle   si  Ihouet  fes    fnm   .i 
Particle  Measuring   Systems    2-D  probe    (Knol looherg, 
1976).      Most    of    the   silhouettes   were    Irregular   or 
graupel-like   shapes   except    for    the    few    r.iindr>p- 
whieh   appeared   as   distinctly   smooth  circles.      On 
pass    3   the    largest    sizes   and   greatest    concentra- 
tions of   ice  particles  occurred    in   updraft    near 
the   reflectivity   core.      A   few   small    raindrops    (D 
•»»  0.5  mm,    concentration    <   0.1    f."1)    were   detected 
on   this   pass    farther    to    the   northwest    outside    the 
main    updraft    region.      Two   subsequent    passes   at 
the   same  altitude  detected    even    larger   drops    (D 
i    3.5  mm)    which,    unlike   pass    3,    were    located    in 
updraft    in    the    reflect Iviiy   core   region. 

Calculations   of   particle   growth 
rates   such   as   those  of    Kraham  .  ( 19h8 )    show    that 
neither    ice   particles   nor  water   drops    found 
in    the   ohserved   npdrafrs   could   have   grown    to 
the    large   size   detected    by   tie   sailplane   or   NIOL'W 
during   the   available   time   from   cloud    base    to    the 
observed   altitude.      The   millihietric   precipitation 
particles  must    have  grown    in   a    higher    region   of 
the  cloud,    been   carried   down    in   downdraft,    and 
transferred    back   to    the    updraft.      The   presence   of 
water  drops    in   this   cloud,    particularly  at    these 
low    levels,    is   strikingly   different    than    the   ab- 
sent e  of  water  drops   which    is   more   rvpieal    of    the 
NE  Colorado   clouds    (Dye  et  til.,    197;). 

The    liquid   water   content    measured 
by   N10UW  at    5.5   km    (1.5   km  above   cloud   base)   was 
abo'it    1.7  g/m3   and   quite   uniform  across    the   up- 
d'.ift.      Liquid   water   contents  measured    by   the 
sailplane  above   6   km  were    in   excess   of    3  g/m3, 
the   saturation    limit   of   the  J-W   sensor   on    the 
sailplane.      With    liquid   water   contents     >f    this 
magnitude    particles   of    »3   mm   diameter   or    larger 
would    have   been    In    the   wet    growth    regime   at    tem- 
peratures  warmer    than   about    -5°C    (List    fft  at.  , 
19f>r>).      The   high    reflectivities     seen     near    1 92S  ■ 
and    1440    in    Fig.    .'    ma\    well    be   a    r.sull    of    the 
radar   detecting   rhene   "wet"   particle-.. 

6.  CONCLUSIONS 

The   aircraft    data   clearly   show   that 
recirculation   was   occurring   and    the   closed    loon 
circulation   seen    in    the   Dopnler    radar   data   of  Fig. 
4   distinctly   show   the   possibility  of    transferring 
particles    from   the   downdraft    back    into   the  updraft. 
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Indeed,  preliminary  particle  trajectory  computa- 
tions using  the  observed  flow  field  for  the  1919 
to  1922  Doppler  radar  scan  (assuming  steady  state 
motion  which  ignores  the  evolving  nature  of  the 
storm)  and  simplified  microphysics  and  particle 
growth  calculations  show  that  particles  can  be 
fed  back  into  the  updraft.   In  view  of  the  sheaf 
which  must  have  existed  at  the  interface  between 
the  updrafts  and  downdrafts  it  seems  likely  that 
turbulent  mixing  (which  the  Doppler  integration 
does  not  resolve)  must  have  also  been  occurring 
and  probably  played  a  role  in  transporting  par- 
ticles laterally  into  the  updraft.   The  trajec- 
tories of  individual  precipitation  particles 
must  have  been  both  complex  and  highly  variable 
from  particle  to  particle.   Operationally,  it 
would  have  been  difficult  to  know  where  to  ef- 
fectively seed  this  cloud  in  order  to  enhance 
precipitation  (if  it  was  possible  at  all). 

Calculations  based  on  the  particle 
concentrations  and  sizes  observed  from  N10UW  and 
the  sailplane  show  that  at  least  in  some  cases 
the  evidently  recirculated  particles  were  large 
enough  and  numerous  enough  to  produce  the  ob- 
served radar  reflectivities  in  the  high  reflec- 
tivity regions  of  the  storm.   This  suggests  that 
the  recirculation  observed  in  this  storm  was  an 
important  factor  in  the  formation  of  precipita- 
tion in  the  region  of  the  storm  investigated  by 
the  aircraft.   How  important  it  was  in  other 
regions  of  the  storm  and  in  other  storms  remain? 
to  be  established. 
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Fig.    9.      Precipitation  particles  vhotngravhed  dur- 
ing the  sailplane  flight. 
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HORIZONTAL  AIRFLOW  AND  PRECIPITATION  FALLSPEED  IN  A 
CONVECTIVE  STORM  FROM  TRIPLE  DOPPLER  RADAR  MEASUREMENTS 
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NOAA/ERL/Wave  Propagation  Laboratory 
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1.  INTRODUCTION 

The  concept  of  using  multiple  Doppler 
radars  to  remotely  measure  atmospheric  motions 
inside  convective  storms  was  first  introduced 
by  Lhermitte  (1968).   As  shown  by  Armijo  (1969) 
three  radar  measurements  of  non-colinear  radial 
velocities  lead  to  the  realization  of  hori- 
zontal wind  components  and  total  vertical  preci- 
pitation motion.   The  later  component  which  is 
the  sum  of  vertical  air  motion  and  precipita- 
tion fall  velocity  in  still  air  may  be  separated 
into  its  constituents  by:   1)  applying  the  mass 
continuity  equation  and  subtracting  this  vertical 
air  motion  to  obtain  fall  velocity  or  2)  esti- 
mating fall  velocity  independently  and  subtract- 
ing it  from  the  total  to  obtain  vertical  air 
motion.   Bohne  and  Srivastava  (1976)  have  re- 
cently detailed  these  methods  and  discussed  the 
random  errors  involved.   Applying  such  triple 
Doppler  radar  techniques,  Lhermitte  ejt  al_.  (1977) 
were  successful  in  obtaining  three  dimensional 
precipitation  and  air  motion  in  a  Florida  con- 
vective storm.   They  used  an  empirical  fallspeed- 
reflectivity  relation  for  rain  only  and  estimated 
air  motion  by  subtracting  this  fallspeed  from 
the  net  precipitation  vertical  motion.   Neces- 
sarily, this  restricted  their  analysis  to 
heights  below  the  melting  level. 

This  paper  discusses  preliminary 
results  from  a  similar  analysis  of  triple  radar 
data  obtained  during  the  1976  summer  field 
program  of  the  National  Hail  Research  Experiment* 
(NHRE) .   However,  as  northeast  Colorado  preci- 
pitation aloft  is  often  composed  of  graupel  and 
other  ice  particles  (e.g.,  Knight  et_  al_. ,  1974), 
we  chose  to  estimate  vertical  air  motion  from 
the  continuity  equation  and  then  derive  a  single 
fallspeed-reflectivity  relation  which  would  be 
applicable  at  all  levels  in  these  storms.   These 
data  were  taken  in  a  moderate  intensity  convec- 
tive storm  which  developed  about  25  km  west  of 
the  centroid  of  the  three  radar  triangle  and 
moved  south- southwestward. 

2.  DATA  ACQUISITION  AND  REDUCTION 

Four  Doppler  radars,  two  NOAA/WPL 
3-cm  wavelength  and  two  NCAR/FOF  5- cm  wavelength 
were  located  in  the  area  of  northeast  Colorado, 
southeast  Wyoming,  and  southwest  panhandle  of 
Nebraska.   Data  from  three  of  these  radars  whose 
relative  locations  are  shown  in  Fig.  1  were 
used  here.   The  Field  Observing  Facility  (FOF) 
radar  was  equipped  with  hardware  processing  of 
reflectivity  and  radial  velocity  information. 
Both  WPL  radars  digitally  recorded  the  time 


series  return  signal  for  later  off-line  software 
processing.   All  mean  radial  velocities  were 
determined  with  the  covariance  or  pulse-pair 
algorithm  (e.g.,  Rummler,  1968;  Miller  and 
Rochwarger,  1972;  Berger  and  Groginsky,  1973). 
Following  Berger  and  Groginsky  (1973),  random 
errors  in  the  radial  velocity  estimates  range 
from  0.2  to  1.0  m  s   for  the  signal-to-noise 
power  ratios,  numbers  of  samples,  and  estimated 
spectral  widths  involved.   Limited  spectral 
width  information  generally  precludes  any  attempt 
to  specify  point-by-point  errors  in  the  radial 
velocities. 

Radial  velocity  and  reflectivity  fields 
in  the  radar  sampling  spaces  were  transformed 
to  a  common  Cartesian  analysis  grid  under  the 
assumption  that  each  grid  point  estimate  was  well 
represented  by  a  weighted  average  of  its  neigh- 
boring samples.   All  samples  within  a  1  km 
influence  radius  were  exponentially  weighted 
with  a  function  of  the  form 


exp(-4r2/R2) 


g(r) 


r  <  R 
—  o 


r  >  R 


(1) 


*  The  NHRE  is  sponsored  by  the  National  Science 
Foundation  and  managed  by  the  National  Center  for 
Atmospheric  Research. 


where  r  was  the  distance  between  sample  and 
analysis  grid  point.  All  weights  were  normalized 
such  that  their  sum  was  unity.   With  an  influ- 
ence radius,  R  ,  of  1  km  scales  larger  than  about 
2  km  fv  3  dB  point)  were  passed  by  the  weighting- 
filtering  operation.   Furthermore,  this  process 
reduced  the  errors  in  grid  point  estimates  of 
radial  velocity  to  0.25-0.35  times  their  original 
values.   From  the  results  of  Bohne  and  Srivastava 
(1976) ,  the  errors  in  derived  horizontal  components 
are  0.1-0.5  m  s   nearly  independent  of  height. 
Errors  in  the  vertical  components  are,  however, 
rather  sensitive  to  height  obviously  becoming 
infinite  in  the  plane  of  the  radars.   For  heights 
above  4  km  MSL  (2.4  km  above  radars)  the  errors 
in  the  vertical  component  are  less  than  2-3  m  s 

As  indicated  by  Bohne  and  Srivastava 
(1976),  there  are  several  ways  one  can  proceed 
to  derive  vertical  air  motion  and  precipitation 
fall  velocity.   When  the  appropriate  boundary 
conditions  can  be  specified,  the  mass  continuity 
equation  can  be  integrated  upwards  from  the 
surface  or  downwards  from  the  storm  top.   This 
vertical  air  motion  estimate  can  then  be  sub- 
tracted from  the  total  precipitation  motion  ob- 
tained from  solving  the  simultaneous  linear 
equations 

x-x.     y-y-     z~z- 

"(-JT^  +  vC-^-i)  +  W(-g-i-)  =  V.;  i  =  1,2,3   (2) 
i         i         i 
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Figure  1.      Cloud  base  track  of  core  and  IS  dBZ  reflectivity  showing  relative 
locations  of  three  Doppler  radars  and  storm 


for  the  components  u,  v,  W  (=  w  +  V  )  of  motion 
where  V.  is  the  radial  velocity  measured  by  the 
radar  at  (x.,  y.,  z.),  and  R.  is  the  slant  range 
between  field  point  (x,  y,  z)   and  the  radar. 
Alternatively,  one  can  calculate  fall  velocity, 
V  ,  from  a  fall  velocity-reflectivity  relation 
and  subtract  it  from  W  to  obtain  w,  the  vertical 
air  motion.   Because  the  component  w  or  V„ 
which  is  calculated  directly  from  W  will  tend 
to  reflect  the  larger  uncertainties  in  W,  this 
author  chose  to  determine  vertical  air  motion  by 
integrating  the  continuity  equation  upwards 
from  the  surface.   This  air  motion  was  then  sub- 
tracted to  obtain  fall  velocities  which  could 
then  be  compared  with  the  independently  measured 
reflectivity.  This  scheme  was  further  justified 
by  better  agreement  between  this  method  and 
aircraft  measurements*  of  vertical  air  motion 
than  between  any  other  method  (not  presented 
here)  and  these  measurements. 


3.        ENVIRONMENTAL  AND  STORM  MEAN  HORIZONTAL 
WINDS 

Rawinsondes  were  released  from  Grover, 
Colorado  and  Potter,  Nebraska  at  1730  MDT. 
Grover  was  located  about  20  km  SSE  and  ahead 
of  the  storm,  whereas,  Potter  was  about  70  km 
ENE  of  the  storm  and  on  the  outflow  side.  These 
releases  were  1  3/4  hour  before  the  radar  data. 
Hodographs  are  shown  in  Fig.  2  for  both  of  these 
wind  soundings  along  with  the  winds  averaged 
over  each  level  in  the  storm.  As  can  be  seen, 
there  is  fair  agreement  between  in- storm  and 
Grover  winds  below  5  km  and  agreement  between 
in- storm  and  Potter  winds  above  this  level. 
Such  close  agreement  between  storm  and  environ- 
mental winds  requires  that  air  transported  ver- 
tically must  have  been  acquiring  environmental 
momentum  rather  quickly.  Since  the  radar  data 
is  necessarily  biased  to  only  the  regions  of  the 
storm  having  echo,  this  may  not  have  been  true 
of  echo-free  regions. 


Private  communication  with  J.  Dye  of  NCAR. 
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Figure  2.     Hodographs  of  environmental,   Grover 
(GRO)  and  Potter  (POT),   and  in-storm  horizontal 
winds.     Heights  are  in  "kilometers  above  mean 
sea  level.      The  vector  (EM)'  denotes  echo  motion 
from  025°at  9.5  m  s~  . 


Echo  motion  determined  from  reflecti- 
vity was  from  025°  at  9.5  m  s  .  This  movement 
was  slightly  to  the  right  of  and  at  the  same 
speed  as  the  surface  winds  implying  that  there 
were  only  weak  relative  motion  within  the 
inflow  or  updraft  air  in  the  lowest  layers. 
This  will  become  more  evident  in  the  detailed 
internal  flow  derived  from  the  analysis  of  radar 
data. 


5.        FALLSPEED-REFLECTIVITY  RELATION 

Vertical  air  motion  determined  from 
integrating  the  continuity  equation  was  subtracted 
from  the  net  precipitation  motion  to  obtain  the 
fall  velocity.   Those  velocities  aloft  at  density, 
p,  were  adjusted  to  ground  level  density,  p  , 
by  multiplication  by  the  inverse  of  the  correction 
(p  /p)0-^  suggested  by  Foote  and  duToit  (1969). 
By  so  doing  a  single  fallspeed-reflectivity 
relationship,  applicable  at  ground  level  (1.6  km 
MSL) ,  could  be  obtained  for  comparison  with 
other  relations  in  the  literature.  The  average 
power  law  relation  thus  found  was 


VT  =  0.8  Z 


.25 


(3) 


for  reflectivity,  Z,  in 


where  V„  is  in  m  s 

units  of  mm  m  .  Comparing  this  relation  with 
those  listed  in  Table  1  it  is  found  that  a  much 
greater  dependence  on  Z  is  evident. 

Table  1.     Some  fallspeed-refleotivity 
relationships  of  the  form  V    =  aZr 


Precipitation 

a           b 

Source 

Type 

Snow 

0.817  0.063 

Atlas  ejt  aiL    (1973) 

Rain 

2.6       0.107 

Joss  and  Waldvogel 
(1970) 

Hail    (wet) 

4.05     0.111 

Dyer   (1975) 

4.        STORM  INTERNAL  STRUCTURE 

Shown  in  Fig.  3  are  contours  of  5  cm 
reflectivity  and  vertical  air  motion  on  several 
horizontal  planes.  Also  shown  is  the  relative 
horizontal  vector  air  motion  with  isotachs. 
There  was  a  southeastward  tilt  to  both  the  re- 
flectivity and  updraft  structures.  Much  of  this 
tilt  evidently  was  caused  by  the  vertical  shear 
of  the  horizontal  winds. 

At  the  upper  levels  there  was  a  general 
west  to  east  relative  flow  which  carried  preci- 
pitation downstream.  This  precipitation  must 
have  fallen  into  potentially  cold  air  intruding 
on  the  left  front  flank  near  6  km.   From  the  lack 
of  echo  in  that  area  below  this  level  and  a  down- 
draft  which  weakened  with  decreasing  height,  it 
is  concluded  that  saturated  descent  in  the  down- 
draft  did  not  occur.  The  strong  downdraft  aloft 
may  have  been  a  result  of  overshooting  of  up- 
draft air.   However,  integration  upward  to  obtain 
vertical  air  motion  often  shows  a  tendency  for 
the  vertical  velocity  to  grow  in  magnitude, 
usually  due  to  propagation  of  errors  in  divergence, 
so  that  this  downdraft  may  or  may  not  have 
actually  existed.  The  derived  updraft  did, 
however,  begin  to  diminish  above  8  km  lending 
some  credence  to  this  notion. 


To  obtain  reliable  estimates  of  a  and 
b  in  (3)  both  spatial  and  temporal  averaging  was 
necessary.  This  implies  that  averaging  over 
several  precipitation  types*  was  most  likely 
happening.   Scattergrams  of  fall  velocity  versus 
reflectivity  were  accumulated  at  several  fixed 
heights  over  shorter  periods  of  time  to  deter- 
mine if  indeed  one  could  obtain  reliable  esti- 
mates °of  a  and  b  for  the  various  precipitation 
types.   Two  such  scattergrams,  one  above  and  one 
below  the  melting  level,  are  shown  in  Fig.  4. 
Relationships  from  Table  1  and  Eq.  (3)  are  also 
shown.   The  large  scatter  in  V  for  a  given  Z 
makes  it  difficult,  if  not  impossible,  to 
specify  reliably  any  detailed  V  -Z  relationship. 
This  scatter  is  primarily  a  result  of  random  errors 
in  net  precipitation  motion. 

6.        SUMMARY 

It  has  been  demonstrated  that  analysis 
of  triple  Doppler  radar  data  leads  to  reliable 
estimates  of  the  horizontal  motions  inside 
convective  storms.  Large  errors  in  net  vertical 


*  Private  communication  with  J.  Dye,  NCAR, 
confirmed  that  in-situ  precipitation  samples 
from  a  penetrating  sailplane  consisted  of 
aggregate  snow,  rain,  graupel,  and  small  hail. 
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Figure  3.      Contours  of  5-cm  reflectivity  starting  at  10  dBZ   (5  dB  increment)  and  vertical  air  motion  with 
isotachs  in  m  s       at  six  heights   (Jon  MSL).     Cloud  base  was  at  4  ten.     Relative  motion  was  determined  by 
subtracting  the  echo  motion   (EM,   see  Fig.    2)  from  the  Doppler  derived  horizontal  winds.     These  data  are 
for  1919  MDT. 
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Figure  4.      Scattergrams  of  fall  velocity  versus 
reflectivity  at  two  levels  for  the  time  period 
1859-1922  MDT.     Plots  were  obtained  for   (a) 
4.5  km  MSL,    T  =' 2°C  and   (b)   5  km  MSL,    T  =  1°C. 
Dashed  curves  of  V^-Z  relations  for  snow   (S), 
rain   (R),   and  wet  hail    (WH)   are  shown   (see 
Table   1).      The  solid  curve  is  the  average 
Vrp  relationship  for  this  case. 
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precipitation  motion  in  this  case  restricted 
the  derivation  of  vertical  air  motion  to  that  ob- 
tained by  integrating  upwards  from  the  surface. 
This  air  motion  was  subtracted  from  the  precipi- 
tation motion  resulting  in  fall  velocity  esti- 
mates throughout  the  storm.   Fall  velocity 
was  found  to  be  reasonably  correlated  with  re- 
flectivity, but  with  a  greater  dependence 
on  reflectivity  than  is  found  in  the  results 
of  others.   This  was  attributed  to  the  necessary 
averaging  process  which  was  over  various  preci- 
pitation types. 
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During  January,  February,  and  March, 
1978,  a  number  of  cyclonic  storm  precipitation 
systems  were  observed  by  a  triple  Doppler  radar 
network  located  near  Sacramento,  California.  The 
radar  triangle  straddled  the  foothills  of  the 
Sierra  Nevada  mountains  and  was  thus  able  to 
observe  the  effect  of  the  mountain  barrier  on 
the  storm  systems. 

The  Doppler  radars  observed  portions 
of  widespread  pre-frontal  precipitation,  convec- 
tive  bands  associated  with  frontal  passage,  and 
post-frontal  convection.   We  will  present  pre- 
liminary data  from  the  tri-Doppler  analysis  of 
these  storms. 

We  have  not  yet  been  able  to  start 
analysis  of  the  tri-Doppler  data,  so  we  present 
here  a  general  description  of  the  various  storm 
phases  deduced  from  real-time  single  Doppler 
displays  of  velocity  and  reflectivity  factor. 

Widespread  pre-frontal  precipitation 
was  characterized  by  its  horizontal  uniformity 
in  reflectivity  factor  and  a  well-defined  bright 
band  at  the  melting  (0°C)  level.   Bright  band 
intensity  ranged  from  30-50  dBZ  (typically 
40-45  dBZ)  at  heights  ranging  from  1.2  to  1.9  km 
msl.   Rain  below  the  bright  band  ranged  from  20 
to  35  dBZ  which  implies  rainfall  rates  from 
0.7  to  6.0  mm/hr.   Typically,  the  widespread  rain 
was  25-30  dBZ  or  about  2  mm/hr.   In  all  cases 
the  bright  band  was  approximately  15  dBZ  stronger 
than  the  rain  below.  This  suggests  the  presence 
of  very  large  aggregate  snow  in  the  bright  band 
with  drop  breakup  during  the  melting  process. 
Echo  tops  ranged  from  6.5  to  8  km  msl  with  little 
variation  within  each  storm.  The  small  modula- 
tions in  the  reflectivity  fields  suggest  shallow 
imbedded  convection  in  most  cases. 

The  horizontal  wind  structure  in  wide- 
spread pre-frontal  precipitation  was  remarkably 
similar  throughout  the  period  of  observations. 
Winds  were  SSE  from  the  surface  to  approximately 
2  km  msl,  typically  from  155°.  The  speed  in- 
creased from  5-15  m  sec  :  at  the  surface  to 
23-36  m  sec"1  at  0.65  km  msl.   Speeds  decreased 
above  0.65  km  to  15-20  m  sec  l.   The  SSE  low- 
level  jet  parallel  to  the  Sierra  barrier 
appears  to  be  a  feature  which  is  nearly  always 
present  along  the  eastern  edge  of  the  Central 
Valley. 


*  The  National  Center  for  Atmospheric  Research 
is  funded  by  the  National  Science  Foundation. 


For  most  of  the  storms  observed  there 
was  no  orographic  component  to  the  winds  below 
about  2  km  msl.  Above  2  km  msl  there  existed  a 
directional  shear  which  resulted  in  southerly 
winds  between  2  and  3  km  msl  and  southwesterly 
winds  above  the  3  to  4  km  msl  level.  Typical 
4  km  winds  ranged  from  190°  to  240°  with  speeds 
up  to  30  m  sec  .  A  secondary  level  mid-tropo- 
spheric  jet  usually  existed  between  4  and  5  km  msl 
with  speeds  greater  than  30  m  sec  ! .  Cyclonic 
curvature  to  these  mid-tropospheric  winds  was 
.apparent.  The  single  radar  display  suggested  a 
cyclonic  curvature  of  about  30°  in  the  flow  field 
approaching  the  mountains  over  a  horizontal  dis- 
tance of  80  to  100  km.   This  indicates  a  convergent 
zone  in  the  mid-troposphere. 

Bands  of  convection  associated  with 
frontal  passages  were  very  similar  to  summer 
squall  lines  in  the  midwest.  The  bands  were 
oriented  roughly  north-south  with  general  move- 
ment to  the  east.   Individual  cells  moved  from 
the  SW  to  NE  with  the  horizontal  momentum  of 
mid-tropospheric  air.   Echo  tops  were  generally 
no  higher  than  those  associated  with  pre-frontal 
widespread  precipitation,  usually  around  7.0-7.5  km 
msl.   Sometimes  the  bands  were  contiguous  with 
widespread  rain;  at  other  times  they  consisted 
of  a  line  of  otherwise  isolated  cells.  Maximum 
reflectivity  factors  ranged  from  45  to  60  dBZ  and 
were  not  necessarily  associated  with  the  melting 
(0°C)  level.   Electrical  activity  was  often  ob- 
served in  these  bands. 

Wind  fields  in  the  convective  bands 
were  difficult  to  interpret  in  real-time.   How- 
ever, a  few  qualitative  comments  may  be  made.   In 
the  storm  of  February  5,  1978,  strong  low- level 
convergence  was  evidenced  by  a  sharp  discontinuity 
in  the  wind  field.  While  some  directional  shear 
was  present, across  the  band,  convergence  appears 
to  be  the  primary  reason  for  the  discontinuity. 
Vertical  motions  are  currently  estimated  to  range 
from  5  to  15  m  sec"1.   In  the  case  of  February  7, 
1978,  meso-cyclonic  circulations  were  observed 
in  the  Doppler  triangle.   One  such  circulation 
has  been  identified  as  the  remnants  of  a  small 
tornado  which  occurred  in  suburban  Sacramento 
seven  minutes  prior  to  the  Doppler  coverage. 
Another  meso-circulation  pattern  existed  simul- 
taneously and  appeared  to  be  anti-cyclonic  and 
located  immediately  to  the  north  of  the  tornado 
meso-cyclone.   At  the  time  of  observation  the 
velocity  differences  across  the  meso-cyclones 
were  only  20-30  m  sec-1  at  about  a  5  km  diameter. 
The  circulations  were  present  on  the  western 
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periphery  of  the  squall  line  and  appeared  to 
be  in  a  more  general  zone  of  strong  directional 
wind  shear  associated  with  the  front. 

Post-frontal  bands  were  similar  to 
the  frontal  bands;  however,  widespread  preci- 
pitation was  usually  not  associated  with  them. 
The  intensity  of  post-frontal  precipitation 
was  highly  variable  —  comparable  to  frontal 
bands  in  the  strongest  cases  and  to  shallow 
weak  instability  showers  in  cases  where  cold 
air  advection  was  strong.   In  the  latter  situa- 
tion banded  structure  was  either  weak  or  non- 
existent. 

It  should  be  emphasized  that  these  are 
first  impressions,  based  on  real-time  observa- 
tions of  reflectivity  factor  and  radial  wind 
velocities  from  a  single  site.  Multi-Doppler 
processing  and  analysis  will  yield  full  two- 
dimensional  horizontal  wind  fields  and  some 
vertical  wind  fields,  in  the  foothills  and  in 
the  Sacramento  Valley.  These  data  will  allow 
the  accuracy  of  these  first  impressions  to  be 
assessed. 
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1 .        INTRODUCTION 

In  recent  years  wind  shear  has  been 
recognized  as  the  probable  cause  of  a  number  of 
costly  aircraft  accidents  that  have  occurred 
during  landing  or  takeoff.   Changes  in  air 
speed  caused  by  shear  induced  changes  in  head- 
wind are  dangerous  for  large  aircraft  at  low 
altitudes  because  of  the  relatively  long  time 
between  pilot  input  and  aircraft  response. 
Headwind  shear  can  be  caused  by  vertical  gradients 
(speed  or  direction)  of  the  horizontal  wind  or 
horizontal  gradients  of  the  horizontal  wind.   In 
addition,  vertical  air  motions,  particularly 
those  associated  with  thunderstorms,  can  cause 
unexpected  rate-of-climb  or  descent  changes  that 
are  believed  to  have  contributed  to  accidents 
(Fujita  and  Caracena,  1977).  The  Federal  Aviation 
Administration  has  supported  research  and  develop- 
ment of  remote  sensing  techniques  to  find  a 
ground-based  device  that  can  give  warnings  of 
dangerous  wind  shears  and  also  give  information 
that  will  enable  the  pilot  to  compensate  for  wind 
changes  that  will  be  encountered  by  the  aircraft 
at  low  altitudes.   Early  efforts  were  directed 
toward  development  of  an  acoustic  sounder  system 
that  could  measure  wind  profiles  in  the  lowest 
few  hundred  meters  of  the  atmosphere.   These 
efforts  have  resulted  in  the  installation  of  a 
wind  shear  test  facility  at  Dulles  Airport  in 
1976  (Hardesty  et  al.,  1977).  Other  ground-based 
remote  sensing  instruments  that  have  been  con- 
sidered for  airport  use  include  C0?  lidar  and 
microwave  radar.   In-situ  networks  of  wind, 
pressure,  and  temperature  sensors  are  also  being 
tested. 

An  ideal  ground-based  wind  measurement 
system  would  be  capable  of  measuring  the  wind 
profile  along  the  approach  and  departure  paths 
and  should  be  capable  of  advance  warning  of 
abrupt  changes  that  may  propagate  into  these 
paths.   It  must  be  able  to  operate  in  all  weather 
regimes.   The  Dulles  Airport  test  facility  uses  a 
combination  of  in-situ  and  remote  sensors  in- 
cluding a  microwave  Doppler  radar  to  provide  a 
wind  shear  warning  system.   Recent  experiments 
have  shown  that  microwave  Doppler  radars,  both 
FM-CW  (Chadwick  et  al.,  1976)  and  pulsed 
(Hennington  et  al.,  1976)  can  measure  winds  in 
the  lower  atmosphere  in  optically  clear  air. 
Radar  therefore  has  the  potential  of  providing 
wind  shear  warning  for  all  weather.   This  paper 
discusses  the  utility  and  limitations  of  the 
radar  system  at  Dulles  Airport  and  the  appli- 
cation of  microwave  radar  to  the  wind  shear 
problem. 

2.        THE  MICROWAVE  RADAR  AT  DULLES  AIRPORT 

The  wind  shear  test  facility  at  Dulles 
Airport  uses  a  low  power  3-cm  pulse  Doppler  radar 


to  measure  wind  profiles  during  precipitation. 
An  acoustic  sounder  obtains  wind  profiles  in 
the  optically  clear  air,  but  in  moderate  or 
heavy  precipitation  it  is  not  able  to  operate 
because  of  the  increased  noise  of  raindrops 
at  the  transducer.  The  microwave  radar  is 
computer  controlled  and  is  programmed  to  ob- 
tain wind  profiles  that  complement  or  replace 
the  acoustic  data  during  precipitation.  Vertical 
profiles  of  the  horizontal  wind  are  obtained  at 
the  test  site  which  is  displaced  from  the  runways 
by  several  km.  The  radar  measures  wind  speed  and 
direction  from  radial  velocity  measurements  along 
4  orthogonal  azimuths.   If  the  signal-to-noise 
ratio  of  the  received  signal  is  below  10  dB  for 
any  range  location  and  azimuth,  that  radial 
velocity  is  not  used.  The  antenna  elevation 
angle,  6  ,  is  fixed  at  11.5  deg  so  a  1-us  sampl- 
ing interval  (range  gate  spacing)  provides  wind 
estimates  at  30-m  height  intervals.  Vertical 
resolution  is  limited  by  the  2.2  deg  beamwidth 
for  ranges  exceeding  800  m.  The  maximum  height 
of  interest  is  600  m  so  the  maximum  range  of 
interest  is  3  km.  Minimum  radar  range  is  about 
450-m. 

The  radar  operates  at  a  wavelength 
of  3.22  cm  with  5  kW  peak  power.   Pulse  duration 
is  0.5  us.  A  pair  of  pulses,  separated  by  256  ys, 
is  transmitted  every  1024  ys  (Campbell  and  Strauch, 
1976) .   Radial  velocity  estimates  are  obtained 
from  the  phase  angle  of  the  autocovariance  for 
640  pairs  of  pulses.  The  antenna  is  stationary 
during  the  dwell  time.  A  vertical  profile  of 
the  horizontal  wind  is  obtained  every  minute. 
The  standard  error  of  estimate  of  mean  radial 
velocity  will  be  less  than  0.1  m/s  for  nearly 
all  meteorological  conditions. 

The  maximum  unambiguous  velocity  is 
±31.4  m/s.   Range  aliasing  cannot  occur  since 
the  height  of  a  second  trip  echo  would  have  to 
be  about  30  km  in  order  to  be  observed.   How- 
ever, the  video  return  from  the  second  pulse  of 
a  pair  can  be  contaminated  with  second  trip  echo 
from  the  first  pulse.  This  occurs  when  echoes 
with  tops  of  7.5  km  or  greater  are  at  a  range  of 
about  40  km  from  the  radar.  This  contamination 
can  degrade  the  velocity  estimate,  but  unless 
the  reflectivity  of  the  distant  echo  exceeds 
the  near-range  (<  3  km)  reflectivity  by  20  dB 
the  degradation  would  be  negligible.  The  radar 
has  operated  for  15  months  with  no  down  time 
and  no  evidence  of  velocity  aliasing.   It 
operates  unattended  and  is  normally  activated  by 
a  signal  from  a  rain  gauge.   Figure  1  compares 
measurements  by  the  acoustic  sounder  and  the 
radar  in  light  precipitation. 

Two  major  assumptions  are  made  in 
computing  the  horizontal  velocity  profile:  a)  The 
vertical  motion  of  the  precipitation  particles  at 
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Figure  1.     Comparison  of  acoustic  (solid  line) 
and  microwave  radar  (dashed  line)  measured 
winds  at  300  m  altitude.      (From  Hardesty 
et  al.}    1977). 


a  fixed  height  is  the  same  for  all  4  azimuths 
observed,   b)  The  components  of  the  horizontal 
velocity  at  the  radar  site  can  be  described  by 
the  average  of  two  values  measured  at  the  same 
height  but  180  deg  apart  in  azimuth  and  separated 
by  2R  cos  9  where  0  =11.5  deg  and  R  <  3  km. 
Horizontal  velocity  profiles  are  relatively 
insensitive  to  differences  in  vertical  motion 
between  measurement  points  because  vertical 

sin  6 
velocity  terms  are  weighted  by  = —  . 

Measured  horizontal  velocity  profiles 
may  not  represent  the  actual  profile  encountered 
by  the  aircraft  because  of  the  displacement  of 
the  radar  from  the  runway.  However,  alternate 
antenna  scanning  schemes  could  be  used  to  over- 
come this  deficiency.  One  method  is  shown  in 
Fig.  2.   The  antenna  elevation  angle  is  about 
3  degrees  (the  glide  slope  angle)  so  vertical 
motion  of  the  particles  can  be  neglected. 
Horizontal  winds  are  assumed  to  be  the  same  at 
the  two  measurement  points  near  the  aircraft 
track.   The  wind  component  toward  the  radar  is 
the  average  of  the  two  radial  velocity  measure- 
ments, and  the  cross-wind  component  is  the  differ- 
ence of  the  measurements  divided  by  2  sin(A6/2) 
where  A9  is  the  azimuth  difference  of  the  mea- 
surement points.  If  the  standard  error  of  esti- 
mate for  the  radial  measurement  is  0.1  m/s,  then 
the  cross wind  error  will  be  1  m/s  for  an  azimuth 
difference  of  8  degrees  if  horizontal  gradients 
are  negligible.   Vertical  particle  motion  (V  ) 

would  cause  an  error  of  V  sin  9  in  the  radial 

z     e 
wind  but  would  not  affect  crosswind  measurements. 


Touchdown  Point 


Figure  2.     Measurement  of  2  dimensional  wind 
profiles  with  a  two-point  scan. 


Another  potential  use  of  the  radar  at 
Dulles  Airport  is  for  monitoring  storm  location 
and  storm  motion  in  the  vicinity  of  the  airport. 
Doppler  measurements  of  radial  velocity  fields 
and  spectral  width  may  also  be  useful  for  identi- 
fying parts  of  the  storm  where  hazardous  winds 
are  located. 


3. 


WIND  MEASUREMENTS  IN  THE  OPTICALLY 
CLEAR  AIR 


Sensitive  microwave  radars  can  detect 
refractive  index  fluctuations  in  the  optically 
clear  air  (Hardy  and  Katz,  1969),  and  recently 
a  number  of  experiments  with  VHF  and  microwave 
radars  have  demonstrated  that  wind  profiles 
can  be  measured  from  the  Doppler  shift  of  the 
received  signals.   A  recent  extended  operation 
of  the  FM-CW  radar  (Chadwick  et  al.,  1978) 
indicates  that  wind  profiles  can  always  be 
obtained  in  the  boundary  layer  for  a  variety  of 
meteorological  conditions.   Doviak  and  Jobson 
(1977)  reported  wind  fields  measured  in  clear 
air  with  dual  Doppler  radars  with  ranges  that 
exceed  40  km.   Radar  returns  are  confined  to  the 
boundary  layer  at  these  ranges.   While  very  high 
power  or  large  aperture  radars  are  required  to 
measure  winds  at  higher  altitudes  (Balsley  et 
al.,  1977),  radars  used  for  air  traffic  control 
at  airports  should  have  sufficient  sensitivity  to 
measure  winds  to  heights  required  for  air  safety. 
Typical  boundary  layer  radar  reflectivity  for 
refractive  index  fluctuations  is  10    m 
(Kropfli  et  al . ,  1968)  which  corresponds  to  -25 
dBZ  for  scattering  from  hydrometeors.  Longer 
dwell  times  are  needed  to  obtain  accurate  velocity 
estimates  for  signals  obtained  from  the  clear  air 
than  for  signals  obtained  in  precipitation; 
however,  rapid  scanning  should  not  be  required 
for  clear  air  wind  profile  measurements. 

The  FM-CW  Doppler  radar  has  demon- 
strated that  it  can  measure  wind  profiles  in  the 
boundary  layer  using  the  velocity-azimuth  dis- 
play (VAD)  technique  at  high  elevation  angles. 
Minimum  range  for  this  radar  is  about  20  m 
and  resolution  of  20  m  can  be  achieved.   A 
pulsed  radar  with  a  1-ys  pulse  width  and  a  1.5-deg 
beamwidth  could  not  obtain  this  resolution  or 
minimum  altitude.  At  high  elevation  angles  the 
vertical  resolution  would  be  limited  by  the  pulse 
width  while  at  low  elevation  angles  it  would  be 
limited  by  the  vertical  dimension  of  the  antenna 
illumination.   The  FM-CW  radar  is  at  a  disad- 
vantage compared  with  pulsed  radars  for  measuring 
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at  low  elevation  angles  (along  the  glide  slope) 
because  it  uses  two  antennas.   For  a  fixed  total 
aperture  the  vertical  beamwidth  will  be  twice 
that  of  a  pulsed  radar,  and  at  low  elevation 
angles  it  is  the  antenna  beamwidth  which  limits 
vertical  resolution.   Both  types  of  radars  face 
the  difficult  problem  of  measuring  weak  signals 
in  the  presence  of  strong  ground  clutter  for 
short  range  measurements  at  low  elevation  angles. 
Clutter  is  a  much  less  serious  a  problem  for 
precipitation  targets  because  measurements  can  be 
made  at  greatly  reduced  transmitter  power.   The 
meteorological  signal  can  be  extracted  if  the 
clutter  does  not  cause  saturation  of  the  rf 
portion  of  the  receiver.   Any  single  clutter 
target  will  be  more  likely  to  cause  saturation 
for  a  pulsed  radar,  but  data  would  be  lost  only 
at  the  range  of  the  clutter  target.  The  FM-CW 
radar,  while  less  likely  to  be  saturated  by  a 
single  target,  observes  all  clutter  targets 
simultaneously  and  will  be  unable  to  obtain  data 
at  any  range  if  its  receiver  is  saturated.  The 
total  clutter  power  must  be  below  rf  saturation 
for  the  FM-CW  radar.   Radar  siting  will  be  cru- 
cial for  making  clear  air  measurements  at  short 
range.   The  FAA  and  NOAA  are  working  to  equip 
an  air  traffic  control  radar  (ASR-8)  with  a 
15- foot  diameter  parabolic  antenna  to  investigate 
the  potential  of  this  radar  for  measuring  wind  in 
all  weather  regimes.   The  potential  for  identi- 
fying hazardous  areas  in  thunderstorms  using 
reflectivity,  radial  velocity  and  Doppler 
spectral  width  is  also  being  investigated.   Since 
this  radar  has  a  standby  transmitter  and  re- 
ceiver channel,  there  would  be  important  economic 
benefits  if  the  standby  channel  could  be  used  as 
a  Doppler  weather  radar. 

4.        SIMULATION  OF  RADAR-MEASURED  DOPPLER 
VELOCITY  PROFILES 

The  mean  Doppler  velocity  measured  by 
a  radar  depends  on  the  radial  velocity  distribu- 
tion of  the  scatterers  in  the  radar  resolution 
cell,  so  that  the  radar-measured  velocity  profile 
is  a  filtered  version  of  the  actual  radial  velocity 
component  along  the  axis  of  the  radar  beam. 
Velocity  gradients  that  exist  over  distances 
less  than  the  radar  beamwidth  will  cause  a 
broadening  of  the  Doppler  spectrum  but  will  not 
be  revealed  by  the  radar-measured  mean  velocity. 
Velocity  gradients  that  exist  over  distances 
comparable  with  the  beamwidth  will  be  smoothed  so 
that  peak  values  will  not  be  measured.   Further, 
if  the  radar  is  offset  from  the  runway  so  that 
the  radial  direction  is  parallel  to  but  not  along 
the  flight  path,  then  the  radar  measures  the 
actual  velocity  component  along  the  flight  path 
only  if  the  wind  field  does  not  have  significant 
horizontal  gradients.  Computer  simulation  of  the 
effects  of  finite  beamwidth  and  radar  displace- 
ment from  the  runway  on  radar-measured  radial 
velocity  profiles  were  made  for  a  number  of  wind 
shear  models. 


Figure  3.     Expected  value  of  radar-measured 
radial  velocity   (diamond  points)  and  actual 
radial  velocity   (solid  line)  for  a  low-level 
wind  shear  model.     See  part  4  for  details. 
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Sample  results  are  shown  in  Figs.  3-5 
for  a  pulsed  radar  with  a  1.5-deg  beamwidth, 
a  1  ps  pulse  length,  and  a  minimum  radar  range  of 
450  m.   Uniform  reflectivity  is  assumed.  The 
radar  antenna  is  pointed  parallel  to  the  runway 
with  a  3-deg  elevation  angle.  The  solid  lines 
show  the  actual  velocity  component  (headwind) 


Figure  4.     Expected  value  of  radar-measured 
radial  velocity   (diamond  points)  and  actual 
radial  velocity   (solid  line)  for  a  thunder- 
storm outflow  model.     Radar  displacement 
(see  Fig.    2)  is   Ax  =  Ly  =  0.1  hn.     Storm 
location  is   Ax  =  Ay  =  -0.5  hn. 
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Figure  5.     Expected  value  of  radar-measured 
radial  velocity   (diamond  points)  and  actual 
radial  velocity   (solid  line)  for  a  thunder- 
storm outflow  model.     Radar  displacement 
(see  Fig.    2)  is   Ax  =  2.5  km>    by  =  0.1  km. 
Storm  location  is   Ax  =  by  =  -0.  5  km. 


that  would  be  encountered  by  a  landing  aircraft 
on  a  3-deg  glide  slope,  and  the  diamond  points 
are  the  expected  values  of  the  mean  radar-mea- 
sured radial  velocity.   For  Fig.  3,  the  input 
wind  profile  is 


v(z)  =  5(z/20)0'43  m/s 


9  =  0.4(z-100)+9 
9  =  120  +  9 


0  <  z  <  1500  feet 

0  <  z  <  100  feet 

100  <  z  <  400  feet 

400  <  z  <  1500  feet 


where  9  is  the  wind  direction,  and  the  surface 
wind  direction  (9  )  is  parallel  to  the  runway. 
There  are  no  horizontal  gradients  so  the  location 
of  the  radar  relative  to  the  runway  is  not  im- 
portant.  The  wind  profile  was  set  to  zero 
abruptly  at  1500  feet.   Figure  3  illustrates  the 
effects  of  finite  beamwidth  in  smoothing  velocity 
gradients.  The  gradient  at  low  level  is  repre- 
sented reasonably  well  by  the  radar  but  the 
discontinuity  at  1500  feet  is  not.   The  dis- 
continuity at  1500  feet  altitude  is  smoothed  by 
the  235  m  vertical  extent  of  the  radar  beam 
(range  =  9  km)  while  at  low  altitude  the  smooth- 
ing is  less  because  the  beamwidth  is  only  about 
70  m.   Effects  of  pulse  length  are  negligible 
because  a  1-us  pulse  length  covers  only  an  8  m 
altitude  change. 

Figures  4  and  5  show  the  results  for 
an  input  model  that  represents  the  "downburst" 
from  a  thunderstorm.  This  model  was  derived  to 
represent  the  wind  fields  depicted  by  Fujita 
and  Caracena  (1977) .  The  direction  of  the 
horizontal  wind  is  radially  outward  from  the 
downburst  center  and  the  magnitude  is  given  by 
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where  z  is  the  altitude  (km)  and  R  is  the  dist- 
ance (km)  from  the  downburst  center.  Maximum 
horizontal  winds  occur  560  m  from  the  down- 
burst  center.  Vertical  wind  satisfies  the  con- 
tinuity equation  and  is  given  by 
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Figure  4  shows  the  radial  velocity  profiles  when 
the  radar  is  offset  from  the  end  of  the  runway 
(Ay  =  Ax=  100  m,  see  Fig.  2)  while  the  down- 
burst  is  centered  at  Ay  =  Ax  =  -500  m.  When 
the  radar  is  not  offset  the  profiles  are  well 
represented  by  the  radar  measurements,  which 
indicates  that  the  radar  resolution  is  suffi- 
cient to  depict  the  gradients.  The  offset 
location  of  the  radar  introduces  a  small  error 
(Fig.  4)  in  the  measured  profile.  However,  when 
the  offset  is  increased  to  more  realistic 
values  (Ax  =  2.5  km,  Ay  =  100  m,  Fig.  5)  the 
resulting  radar-measured  profile  is  obviously 
not  a  useful  representation  of  the  velocity 
along  the  flight  path  for  this  model. 

Simulation  results  show  that  a  1.5  deg 
beamwidth  should  be  sufficient  to  measure  wind 
shears  at  altitudes  that  cause  problems  for 
aircraft  during  landing  and  takeoff.   When  the 
wind  field  contains  horizontal  gradients  measure- 
ments must  be  made  near  the  actual  flight  path, 
so  an  antenna  scan  must  be  used  if  the  radar 
is  offset  from  the  end  of  the  runway.   If  the 
wind  profile  is  measured  with  a  fixed  antenna 
the  presence  of  significant  horizontal  gradients 
can  be  detected  by  measuring  the  profile  at 
two  elevation  angles  or  by  temporal  changes  in 
the  profile. 


5. 


CONCLUSION 


Microwave  Doppler  radar  offers  a 
potential  solution  to  the  problems  posed  by  low 
level  wind  shear  for  aircraft  during  landing 
and  takeoff.   It  should  be  possible  to  measure 
wind  profiles  to  several  hundred  meters  altitude 
in  all  types  of  weather  if  ground  clutter  does 
not  prevent  measurements  at  ranges  as  short  as 
1  km.   Wind  measurements  in  the  optically  clear 
air  would  be  made  with  slow  antenna  scans,  whereas 
rapid  scanning  would  be  possible  when  the  signal- 
to-noise  ratio  is  high  as  with  precipitation 
targets.  Wind  profiles  could  be  measured  using 
VAD  scanning  when  the  wind  profile  above  the 
radar  site  is  representative  of  the  wind  profile 
encountered  by  the  aircraft.   In  cases  where 
horizontal  gradients  of  the  horizontal  wind  are 
significant,  measurements  made  adjacent  to  the 
aircraft  track  should  yield  two  dimensional  wind 
profiles  with  sufficient  accuracy  for  aircraft 
safety.   In  addition  to  providing  short  range 
wind  shear  data  a  microwave  Doppler  radar  could 
provide  surveillance  of  thunderstorms  in  the 
vicinity  of  the  airport.  The  combination  of 
reflectivity  and  first  and  second  moments  of  the 
Doppler  spectrum  would  allow  identification  of 
hazardous  areas  of  storms  and  advance  warning  of 
when  these  areas  will  cross  landing  or  takeoff 
paths. 
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1. 


INTRODUCTION 


A  significant  portion  of  convective 
cloud  growth  takes  place  prior  to  the  formation 
of  radar  echoes.   It  is  likely  that  the  micro- 
physics,  dynamics  and  general  morphology  of 
convective  clouds  during  the  pre-radar-echo 
phase  plays  an  important  role  in  subsequent  cloud 
development  and  organization.   The  1977  South 
Park  Area  Cumulus  Experiment  (SPACE)  had  as  one 
of  its  goals  the  definition  and  description  of 
these  pre-radar-echo  clouds.   The  SPACE  experi- 
ment is  well  suited  to  such  a  study  because  the 
mountains  directly  to  the  west  of  the  experi- 
mental region  act  as  an  elevated  heat  source 
which  initiates  the  development  of  convective 
activity  in  virtually  the  same  location  on  a 
daily  basis.   Thus,  fixed  location  instruments 
can  be  placed  in  advantageous  locations  for  the 
frequent  collection  of  data. 

The  SPACE  program  utilized  the  NOAA 
lidar  provided  by  NOAA  Wave  Propagation  Labora- 
tory (WPL)  and  two  instrumented  powered  aircraft 
loaned  to  SPACE  by  the  Bureau  of  Reclamation 
HIPLEX  program  to  study  clouds  during  early 
stages  of  development.   This  paper  presents 
data  taken  August  1,  1977  in  the  South  Park 
region  with  the  Wyoming  Queenaire  (10  UW) ,  the 
MRI  cloud  physics  aircraft  (1  MR)  and  the  NOAA 
lidar.  These  data  serve  two  basic  purposes. 
One  is  to  describe  fair  weather  convective 
clouds.   The  second  is  to  compare  and  contrast 
the  data  taken  with  the  various  instruments. 
Such  intercomparisons  help  to  define  instrument 
capabilities  when  the  instruments  are  operated 
independently.   Initial  analyses  of  lidar  data 
taken  during  early  stages  of  more  intense  con- 
vective activity  are  also  presented. 

On  August  1,  1977  convective 
activity  in  South  Park  was  characterized  by  fair 
weather  cumulus.   The  synoptic  analysis  on  August 
1  indicated  a  500  mb  long  wave  ridge  extended 
from  Alaska  to  southern  Utah  while  the  long  wave 
trough  was  located  in  east-central  United  States. 
The  entire  Rocky  Mountain  West  including  South 
Park  was  under  generally  northwesterly  flow 
aloft  and  large  scale  subsidence.   The  center  of 
the  surface  high  pressure  zone  was  over 
northeastern  Colorado  at  0600Z.   By  1800Z  the 
surface  high  pressure  zone  was  centered  over 
extreme  eastern  Kansas.   In  South  Park  the 


morning  winds  were  northwesterly  aloft  but 
easterly  on  the  surface.   This  easterly  flow  at 
the  surface  had  provided  a  good  low  level  moisture 
supply.   The  surface  moisture  was  capped  by  a 
4.7C  inversion  from  the  surface  (723  mb:  2950  m) 
to  684  mb.   The  surface  layer  moisture  appeared 
to  be  mixed  vertically  after  the  inversion  was 
broken  by  surface  heating.   All  three  soundings 
taken  in  South  Park  on  August  1  indicated  a 
generally  stable  environment  with  only  moderate 
moisture  contents  above  the  surface  layer.   These 
factors  resulted  in  a  day  with  scattered  fair 
weather  cumulus  forming  over  the  mountains  by 
late  morning.   Cloud  bases  were  generally  at  the 
CCL  of  approximately  480  mb  (^5791  meters,  19,000 
feet). 

2.  INSTRUMENTS 

Powered  aircraft  and  lidar  were 
utilized  in  describing  the  fair  weather  cumulus 
clouds  on  August  1,  1977.   Both  aircraft  were 
used  to  penetrate  the  clouds.   The  MRI  cloud 
physics  aircraft  measured  state  parameters  and 
cloud  drop  size  distributions  plus  a  number  of 
other  variables.   The  distributions  are  obtained 
from  three  different  Particle  Measurement  Systems 
(PMS)  probes.   The  ASSP  probe  measures  the  distri- 
bution from  2  to  30  ym  in  approximately  2  um 
steps.   A  PMS  one-dimensional  probe  measures  the 
distribution  from  20  um  to  300  um  in  20  um  steps 
while  a  second  PMS  one-dimensional  probe  measures 
the  distribution  between  .3  mm  and  4.5  mm  in  . 3  mm 
steps.   Liquid  water  contents  in  clouds  are  com- 
puted by  calculating  the  volume  of  water  in  the 
distributions  measured  by  the  respective  PMS 
probes.   The  Wyoming  cloud  physics  Queenaire  was 
also  used  to  investigate  the  fair  weather  cumulus 
on  August  1,  1977.   State  parameters,  liquid 
water  content  and  droplet  distribution  data  were 
obtained  from  the  aircraft  in  addition  to  a 
number  of  other  variables.   PMS  probes  are  at  the 
heart  of  the  Wyoming  Queenaire  drop  distribution 
detection  system.   A  PMS  ASSP  probe  is  used  for 
the  small  drops  (2-30  um)  while  a  two-dimensional 
PMS  probe  is  used  for  the  larger  drops.   The  two- 
dimensional  PMS  probe  can  measure  drops  from  25  um 
to  800  um.   The  major  advantage  of  the  two- 
dimensional  PMS  probe  is  that  it  is  possible  to 
record  the.  shape  of  the  particles.   The  shape  of 
the  image  recorded  provides  clues  as  to  whether 
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the  particles  are  composed  of  ice  or  water. 
Cloud  water  contents  are  obtained  in  two  ways  on 
the  Wyoming  Queenaire.   One  is  by  integrating 
over  the  droplet  distribution.   The  other  is 
through  the  use  of  a  Johnson-Williams  liquid 
water  device. 

Ground  based  lidar  systems  provide 
an  alternative  mode  of  studying  clouds  with  too 
small  or  too  few  particles  for  a  radar  echo 
The  study  of  nascent  clouds  in  the  pre-first- 
echo  (radar)  stage  is  only  possible,  remotely, 
by  the  use  of  powerful i lidar  devices  at  shorter 
wavelengths.   Small  droplets  or  ice  particles 
have  very  small  radar  cross  sections  for  even 
three  centimeter  radar.   Calculations  for  a  cloud 
distributed  as  described  in  Deirmendjian  (1976) 
(Cloud  C.l)  show  that  the  radar  cross  section 
is  larger  for  .7  urn  lidar  signals  than  for  3  cm 
radar  by  a  factor  of  10H.   Cloud  C.l  has  a 
density  of  6„2  X  10-2  gm/m3  at  droplet  density 
of  10°  per  m3.   The  radii  range  from  .03  to  12.3 
Mm.   On  the  other  hand,  the  extinction  coeffi- 
cient for  lidar  wavelengths  is  10-5  greater  than 
for  radar  wavelengths.   Greater  interaction 
cross  sections  must  result  in  greater  attenua- 
tion.  Two  conclusions  may  be  drawn.   The  lidar 
is  indispensible  for  the  remote  sensing  of  thin 
and/or  less  dense  clouds;  the  radar  is  required 
to  penetrate  denser  clouds.   Present  day  lidars 
and  short  wave  radars  overlap  in  sensitivity 
and  penetration,  so  that  a  carefully  chosen 
combination  can  be  used  to  study  clouds  from 
birth  to  dissipation. 

The  lidar  used  in  SPACE  1977  is  the 
NOAA  lidar  system  depicted  in  Fig   1. 


24  GHz  RadaT 


Data  Processing 
Equipment 


Fig.  1. 


Cut-away  view  of  remote  sensing 
facility. 


This  combined  remote  sensing  system 
consists  of  a  ruby  lidar,  a  2h   GHz  radar,  -)nd    .in 
infrared  (8-12  urn)  radiometer  paraxial ly  placed 
on  an  altitude-azimuth  quick-traverse  mount.   The 
lidar  signal  is  plane  polarized.   Tlu  receivei 
detects  depolarization  by  measuring  r ho  signal 
in  two  perpendicular  polarizations,  one  of  which 
is  parallel  to  the  transmitted  polarization. 
The  pulse  width  of  the  lidar  signal  is  10  ns, 
but  resolution  is  normally  limited  to  20  m  by 
a  receiver  integration  time  of  60  ns.   The  peak 
pulse  power  transmitted  by  the  lidar  is  approx- 
imately 150  mw.   The  maximum  pulse  repetition 
frequency  is  1.0  s--*-.   The  receiver  consists  of 


a  70  cm  diameter  mirror,  Newtonian  mount.   The 
detector  system  has  two  channels  for  polarization 
measurements,  employing  photomultipliers. 

The  radar  system  has  a  peak  power 
of  40  kw,  a  pulse  repetition  frequency  of  2000 
s~l,  and  a  range  resolution  of  22.5  km. 

The  radiometer  is  a  Barnes  PRT-5 
with  a  temperature  resolution  of  0.1°C. 

Auxilary  systems  available  include 
acoustic  sounders  and  solar  photometers.   The 
spectral  extinction  coefficient  of  clouds  and 
aerosols  are  measured  as  a  function  of  wave- 
length by  a  series  of  filters repet it ively  inserted 
into  the  optical  path  of  the  solar  photometers. 
Standard  RG-8,  OG-1,  0G-2  Schott  filters  are 
employed  as  well  as  an  "open"  position  subject 
to  detector  response.   An  IT-3  radiometer  has 
been  converted  to  look  directly  at  the  sun  and 
obtain  the  extinction  coefficient  in  the  range 
8-12  urn. 

This  system  of  lidar-radar  photometry 
and  radiometry  permits  simultaneous  measurements 
of  the  backscatter,  extinction  and  emission 
coefficients. 
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PROCEDURE 


The  acquisition  of  combined  aircraft 
and  lidar  data  for  the  August  1  experiment  was 
coordinated  primarily  by  visual  observations. 
Aircraft  personnel  would  choose  a  cloud  located 
in  the  proximity  of  the  lidar  site.   Lidar 
personnel  on  the  ground  would  visually  observe 
the  location  of  the  aircraft  and  direct  the  lidar 
at  the  appropriate  cloud. 

For  the  analyses,  aircraft  position 
was  determined  using  VOR-DME  navigational  data. 
VOR-DME  data  are  not  accurate  enough  to  specify 
exact  locations  within  the  clouds  being  studied. 
Therefore,  no  attempt  is  made  to  compare  in-cloud 
spatial  variations  of  liquid  water  and  ice  as 
detected  by  the  aircraft  with  spatial  variations 
as  detected  by  the  lidar.   The  navigational  data 
is  used  to  compute  the  general  location  of  the 
aircraft  so  that  it  can  be  compared  with  the 
general  location  of  the  cloud  being  studied  by 
the  lidaru   This  assures  that  the  visual  field 
coordination  was  accurate  and  that  the  same  cloud 
is  being  investigated. 

For  the  purpose  of  this  analysis, 
average  data  on  in-cloud  drop  distributiosn  and 
liquid  water  contents  will  be  used.   The  ASSP 
on  both  aircraft  was  used  to  determine  the 
existence  of  a  cloud  for  the  analysis  algorithm. 
Liquid  water  contents  for  both  aircraft  are 
r.ilculated  using  ASSP  data.   Intercomparisons 
between  ASSP  derived  liquid  water  contents  and 
.le'inson-Williams  (JW)  liquid  water  content 
values  indicate  that  the  ratio  of  liquid  water 
from  ASSP  to  liquid  water  from  the  JW  varies 
from  about  1:1  to  1:5..  Preliminary  investigations 
indicate  that  a  part  of  the  problem  may  be  ASSP 
coincidence  errors  at  high  concentrations.   Since 
quite  low  concentrations  existed  in  the  clouds 
on  August  1,  ASSP  values  may  be  quite  good. 
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The  MRI  cloud  physics  aircraft  one- 
dimensional  PMS  probes  appear  to  have  a  minor 
noise  problem  in  the  small  drop  size  increments. 
In  order  to  correct  for  this,  an  average  clear 
air  noise  distribution  is  computed  and  is  then 
subtracted  from  the  in-cloud  distributions. 
Liquid  water  contents  from  these  probes  are 
calculated  using  the  adjusted  distributions. 

The  ASSP  probe  distributions  from 
the  Wyoming  Queenaire  and  the  MRI  aircraft  were 
also  compared.   The  distributions  derived  from 
the  ASSP  probe  data  of  the  two  aircraft  have 
very  similar  shapes.   The  ASSP  on  the  Wyoming 
aircraft  measures  consistently  higher  droplet 
concentrations  than  the  MRI  ASSP.   No  attempt  is 
made  to  normalize  the  data  from  these  two  ASSP 
probes  for  this  analysis.   All  drops  smaller 
than  30  u  are  assumed  to  be  water.   This  means 
that  anything  measured  by  ASSP  probes  is  con- 
sidered to  be  liquid. 

The  University  of  Wyoming  two- 
dimensional  PMS  probe  is  used  in  this  study  to 
determine  if  larger  hydrometeors  (25  u   to  800  u? 
are  in  an  ice  or  water  phase.   This  is  done  by 
actually  looking  at  a  representation  of  the 
image   Visual  keys  developed  at  the  University 
of  Wyoming  were  used  to  make  the  distinction. 

Two  cloud  variables  are  measured 
remotely  by  the  lidar.   One  value  is  the  appro. i- 
imate  water  content   of  the  cloud.   Water  content 
is  derived  from  the  backscatter  cross-section 
(3)  which  the  lidar  measures.   The  parameter  P 
is  strongly  water  content  and  drop  size  distri- 
bution dependent   If  the  drop  size  distribution 
can  be  specified,  water  content  can  be  calcu- 
lated.  The  drop  size  distributions  used  for 
these  calculations  were  measured  by  Diem  (194R). 
Different  distributions  are  used  for  fair  weather 
cumulus  and  cumulus  conjestus.   These  distribu- 
tions are  quite  similar  to  the  actual  distri- 
butions measured  in  South  Park.   The  backscatter 
cross-section  (6)  is  also  slightly  hydrometeor 
phase  dependent.   Thus,  the  water  content 
calculation  will  vary  depending  on  the  phase  of 
the  cloud  hydrometeors  as  well  as  the  distri- 
bution.  The  ratio  of  density  (p)  to  the  back- 
scatter  cross-section  (6)  is  displayed  in  Table 
1  for  both  ice  and  water.   Multiplying  the  back- 
scatter  cross-section  by  the  appropriate  value 
will  give  the  water  content. 

Table  1 
p/6* 


ice  while  a  depolarization  greater  than  .4  is 
probably  all  ice. 


Water 


Ice 


Fair  weather 
Cumulus 


2  2 

123.2  gm  sr/m     96.8  gm  sr/m 


Cumulus  Conjestus   261.4  gm  sr/m2    213.6  gm  sr/m2 


*B  is  in  units  of  (_1sr_1;  0  is  in  units  of  (gm 
m"3) 

The  second  measurement  obtained 
from  the  lidar  is  the  ratio  of  ice  to  water. 
This  is  done  by  measuring  the  depolarization  of 
the  returned  signal.   Sassen  (1976)  describes 
the  process  in  detail.   In  general,  a  depolari- 
zation between  „2  and  .4  is  approximately  50Z 
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RESULTS 


Figures  2  and  3  represent  averages 
of  the  lidar  backscatter  cross-section  (Beta) 
and  the  depolarization,  respectively,  for  August 
1,  1977    The  data  are  plotted  to  indicate  the 
geometrical  position  of  the  data  with  respect 
to  the  lidar  position.   The  legend  on  Fig.  2 
gives  the  conversion  from  the  symbol  displayed  to 
the  range  of  S  which  it  represents.   A  similar 
legend  is  displayed  on  Fig.  3  for  depolarization. 
The  time  period  associated  with  a  given  set  of 
Hdar  data  is  displayed  next  to  an  azinvi'  li  m.iio 
which  specifies  the  region  where  the  dat   were 
. ol  lei  ted. 
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Fir.     i.      Depolarization    from   lidar. 
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For  time  period  14:06-14:13  and 
14:16-14:23  simultaneous  aircraft  data  are  avail- 
able from  the  HRI  aircraft.   The  average  distri- 
bution from  this  time  period  is  very  narrow  as 
is  indicated  by  Fig.  4.   The  one-dimensional 
probes  for  larger  drop  sizes  had  few  events.   In 
the  case  of  the  probe  measuring  from  20-300  u 
the  in-cloud  data  could  not  be  distinguished 
from  clear  air  instrument  noise.   Figure  5  dis- 
plays the  data  from  the  .3-4.5  mm  one-dimensional 
PMS  probe.   On  both  Figs.  4  and  5  the  number 
displayed  represents  the  total  number  of  drops 
in  the  increment  represented  by  that  portion  of 
the  histogram.   Also  note  that  the  volume  in 
which  the  concentration  is  specified  is  a  cm-* 
in  Fig.  4  and  m^  in  Fig.  5.   The  aircraft  data 
were  collected  at  a  relatively  constant  level 
ranging  from  approximately  470-480  mb.   The 
temperature  measured  by  the  aircraft  at  this 
level  ranged  from  -11C  to  -13C.   Cloud  diameter 
at  this  time  was  approximately  1.25  km.   The 
cloud  vertical  extent  was  less  than  a  kilometer. 
All  drops  measured  by  the  PMS  ASSP  probe  (2-30  p) 
are  assumed  to  be  in  a  liquid  state.   This 
assumption  is  based  both  on  temperature  and  size 
considerations. 

The  liquid  water  contents  (LWC) 
computed  from  the  MRI  ASSP  data  for  this  time 
period  were  variable.   Values  of  LUC  were  at 
.01  g/m3  or  less.   By  comparison  the  lldar 
backscatter  values  on  this  cloud  would  indicate 
that  the  LWC  was  approximately  .02  to  .03  g/ra3, 
which  is  at  least  a  factor  of  3  larger  than  the 
average  ASSP  derived  LWC  for  all  these  clouds. 
A  number  of  reasons  for  this  difference  can  be 
given.   First,  the  ASSP  on  the  MRI  aircraft  had 
lower  values  than  the  Wyoming  ASSP  suggesting 
that  the  distribution  estimate  from  MRI  might 
be  too  low.   Second,  the  PMS  one-dimensional 
probes  on  the  MRI  aircraft  can  not  distinguish 
low  concentrations  of  drops  because  of  noise 
problems.   Even  a  slight  Increase  in  the  contri- 
bution by  drops  of  a  larger  size  could  make  up 
the  difference.   Third,  the  distribution  used 
to  calculate  the  p/6  for  the  lldar  Is  broader 
than  the  observed  distribution.   Thus,  if  the 
narrower  observed  distribution  was  used  to 
calculate  p/6  the  values  might  coincide  more 
closely. 

The  lidar  also  gives  an  estimate  of 
ice  to  water  in  the  cloud.   The  Wyoming  Queen- 
aire  which  made  several  penetrations  later  in 
the  day  collected  the  images  of  larger  particles. 
A  careful  review  of  these  images  indicated 
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Average  drop  size  distributions,  14:06-14:23  MDTi 


that  virtually  all  the  larger  particles  are  ice. 
The  small  drops  (2-30u),  as  pointed  out  earlier, 
are  all  considered  to  be  In  liquid  form.   Thus, 
since  no  significant  number  of  large  drops  were 
measured  in  the  cloud,  the  aircraft  data  would 
indicate  mainly  water.   The  lidar  data  indicates 
that  for  this  time  period  the  depolarization  is 
between  .2  and  .4  which  is  Indicative  of  a  mix- 
ture of  liquid  and  ice  phase  particles.   This  dis- 
crepancy could  again  he  attributed  to  an  liability 

of  aircraft  to  d> '  «•■  '  - '!  ■.■•rb-.'r:-   .■•'  !  -/er 

particles  owing  to  instrument  noise. 

Siiii  iltaneuub  din  i  ate  and  Lldar 
data  are  also  available  for  the  time  period 
15:11-15:27.   The  symbolic  plot  of  measured 
backscatter  cross-sections  on  Fig.  2  indicates  a 
much  greater  variation  of  backscatter  cross- 
section  for  this  cloud.   The  range  of  liquid 
water  contents  calculated  for  this  cloud  is  from 
.0002  to  .03  g/m3. 

Water  contents  computed  from  the 
aircraft  measured  drop  size  distributions  also 
vary  considerably  more  in  this  cloud  than  the 
earlier  cloud.   Values  as  great  as  .8  g/m3  were 
measured  In  one  very  small  area  of  this  cloud. 
An  average  value  of  water  content  for  the  cloud 
over  the  specified  time  period  was  approximately 
.01  g/m^  if  the  one  small  region  of  very  high 
water  content  is  eliminated  from  the  calculation. 

As  is  indicated  by  Figs.  6,  7  and  8 
a  higher  concentration  of  large  hydrometeors 
existed  in  this  cloud  than  In  the  first  one 
discussed.   It  should  be  noted  that  both  the 
20-300  u  and  the  .3  to  4.5  mm  distributions  are 
dominated  by  data  collected  in. the  cloud  region 
which  contained  high  water  contents.   However, 
even  if  these  data  are  removed,  the  distributions 
are  broader  for  this  cloud  than  for  the  first 
cloud  studied.   Since  all  the  larger  hydrometeors 
appear  from  PMS  two-dimensional  data  to  be  ice,  one 
would  expect  a  higher  depolarization  than  in  the 
first  cloud.   This  is  the  case  as  can  be  seen  in 
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Fig.  3.   Large  variability  of  depolarization  is 
again  obvious,  but  considerably  more  ice  seems 
to  be  present  in  this  cloud, 

Jigures  }   and  10  show  cross-section 
(6)  and  depolarization  data  from  lidar  scans  of 
a  cumulus  conjestus  cloud  which  occurred  on  July 
19,  1977.   No  drop  distribution  spectra  are 
available  for  this  cloud  making  interpretation 
of  water  content  from  B  difficult.  Rou^h  calcu- 
lations of  LWC  for  the  13. 1° elevation  scan  which 
is  near  the  cloud  top  of  the  growing  convective 
cloud  indicates  that  the  LWC  is  close  to  1  g/m  . 
The  depolarization  data  for  this  13.1°  elevation 
scan  clearly  shows  the  existence  of  a  large 
percentage  of  liquid  water.   This  is  consistent 
with  data  collected  by  Sax  £t  al.  (1976)  for 
growing  convective  clouds  in  Florida. 


Figures  11  and  12  show  a  scan  of 
lidar  data  from  another  cloud  on  July  19.   In 
contrast  to  the  cloud  in  Figs.  9  and  10  this 
portion  of  the  cloud  is  composed  mainly  of  ice 
and  has  LWC  on  the  order  of  .3  g/m  or  less. 

These  two  examples  of  data  from  July 
19  demonstrate  that  lidar  can  be  used  to  assist 
in  the  evaluation  of  actively  growing  cumuli. 
The  lidar  has  greatest  utility  in  portions  of 
clouds  with  relatively  low  LWC  or  those  portions 
of  the  cloud  which  are  not  very  thick.   Investi- 
gation of  cloud  top  with  lidar  as  shown  in 
Figs.  9  and  10  suggest  that  lidar  might  be 
useful  in  evaluating  microphysical  changes  of 
cloud  top  due  to  seeding.   Figures  10  and  11 
suggest  a  means  of  investigating  the  region  of 
the  cloud  which  does  not  contain  precipitation 
sized  particles. 


Fig.  9.   Lidar  measured  backscatter  cross-section 
(. )  for  the  top  of  an  actively  growing  cumulus 
cloud  on  July  19,  1978. 


Fig  11.   Lidar  measured  backscatter  cross-section 
(8)  from  a  cloud  region  which  had  no  radar  echo. 


-  °  -  -  °  -?2S<£v. 


Fig.  10.   Lidar  measured  depolarization  for  the  top 
of  an  actively  growing  cumulus  on  July  19,  1978 


Fig.  12.   Lidar  measured  depolarization  from  a 
cloud  region  which  had  no  radar  echo. 
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5.  CONCLUSIONS 

(1)  The  data  indicates  that  high 
altitude  fair  weather  continental  cumulus  clouds 
have  water  contents  which  are  typically  very 
small  (less  than  .01  g/m^).   (2)  Large 
particles  in  these  clouds  exist  in  the  form  of 
ice.  (3)  Cloud  tops  of  actively  growing  cumulus 
contain  mainly  liquid  water.   (4)  Lidar  can  be 
used  to  remotely  investigate  these  clouds. 
(5)  More  data  on  both  aircraft  sensors  and 
lidar  are  needed  to  clarify  interpretations. 
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ABSTRACT 

Large  echoes  (C-scale  in  GATE  terminology;  approximately  100  to  10  000  km2)  seem  to  produce 
most  of  the  precipitation  that  occurs  in  tropical  systems.  These  large  echoes  are  seen  to  last  several 
hours  and  comprise  many  smaller  and  short-lived  cells  that  grow  and  die  within  their  bounds  or  are  merged 
with  them.  In  this  paper,  quantitative  GATE  radar  data  are  used  to  statistically  characterize  these  com- 
posite echoes  as  a  whole,  and  to  study  their  internal  structure,  formation  and  development  processes.  In 
addition,  statistics  of  the  individual  cells  making  up  the  composite  echoes  are  presented.  These  are 
compared  to  similar  data  for  cells  that  develop  individually  away  from  the  aggregates.  In  this  way,  some 
information  is  obtained  about  the  duration,  rain-producing  ability  and  the  size  of  those  cells  that  merge 
to  form  larger  groups  compared  to  those  clouds  that  form,  develop  and  die  relatively  independently 
of  one  another. 


1.  Introduction 

Ample  evidence  has  been  produced  in  the  last  few 
years  to  indicate  that  size,  height  and  duration  dis- 
tributions of  convective  radar  echoes  follow,  in  gen- 
eral, a  log-normal  probability  law  (Biondini,  1976; 
Lopez,  1976,  1977;  Houze  and  Cheng,  1977;  Nasim, 
1977).  Fig.  1  presents,  as  an  example,  the  echo  size 
distribution  for  one  disturbance  observed  in  GATE 
from  7-9  August  1974.  The  principal  characteristic 
of  this  distribution  is  that  the  vast  majority  of  the 
echoes  are  small  and  that  there  are  few  very  large 
ones.  Thus,  Fig.  1  shows  that  about  90%  of  the 
echoes  cover  areas  which  are  less  than  about  50  km2, 
while  the  other  10%  cover  areas  that  range  from 
about  50  to  2500  km2. 

To  ascertain  the  relative  importance  of  each  echo 
size,  a  graph  of  the  percentage  of  total  observed 
rainfall  produced  by  different  percentiles  of  the 
largest  echoes  has  been  computed  from  digital  data 
for  all  of  the  echoes  on  the  radarscope  of  the  NOAA 
ship  Oceanographer  at  3  h  intervals  from  9-14 
August  and  1-6  September  1974  in  GATE.  This 
distribution  is  shown  in  Fig.  2.  It  can  be  seen  that, 
although  there  are  few,  the  largest  echoes  are  re- 
sponsible for  most  of  the  precipitation  observed.  For 
example,  the  largest  10%  of  the  echoes  account  for 
90%  of  the  precipitation.  Similar  results  have  also 
been  verified  in  other  places  (e.g.,  Woodley  et  al., 
1971;  Lopez,  1976).  In  view  of  the  importance  of 


1  Most  of  the  work  reported  in  this  paper  was  done  while  the 
author  was  with  the  Wave  Propagation  Laboratory,  ERL, 
NOAA,  Boulder,  CO. 


these  echoes,  they  should  be  statistically  charac- 
terized and  their  formation  processes  investigated. 
In  this  paper,  quantitative  GATE  radar  data  are 
used  to  statistically  characterize  these  echoes  and  to 
study  their  internal  structure,  formation  and  de- 
velopment processes. 

Before  the  results  of  the  analyzes  are  presented 
it  is  convenient  to  explain  the  data-processing 
philosophy  employed.  In  this  paper  large  numbers  of 
echoes  are  identified,  measured  and  tracked  during 
their  lifetimes.  Because  the  main  interest  is  in  sta- 
tistically characterizing  populations  of  echoes  it  is 
important  that  as  much  meaningful  information  is 
used  as  it  is  present  in  the  data.  In  order  to 
eliminate  noise  and  spurious  values  a  threshold 
level  of  about  15  dBZ  has  been  used  throughout 
the  analyzes.  This  is  equivalent  to  the  minimum 
detectable  signal  (-95  dBm)  at  around  75  km.  Ac- 
tually, the  effective  sensitivities  of  radars  decrease 
with  range,  so  that  echo  parameters  such  as  area 
would  tend  to  be  on  the  average  smaller  with  range 
if  the  threshold  used  is  not  that  of  the  minimum 
detectable  signal  at  the  maximum  range  considered. 
However,  a  high  threshold  level  would  have  the 
effect  of  reducing  the  areas  of  echoes  closer  in  and 
even  ignoring  completely  the  weaker  echoes.  Rather 
than  biasing  the  populations  in  this  way,  a  smaller 
threshold  was  used.  The  range  bias,  on  the  other 
hand,  is  smoothed  out  somewhat  on  account  of  the 
following  considerations: 

1)  The  unit  employed  in  the  definition  of  area 
classes  was  selected  in  such  a  way  that  the  mag- 
nitude of  the  bias  due  to  reduced  sensitivity  with 
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range  falls  within  the  basic  class  interval.  A  sample 
of  about  750  echoes  from  the  population  used  in 
Fig.  1  was  stratified  by  range.  The  maximum  dif- 
ference in  mean  echo  area  between  ranges  of  50  and 
200  km  were  around  10  km2.  This  was  the  unit 
employed.  No  apparent  bias  in  echo  duration  with 
range  was  noticed  in  the  sample. 

2)  The  echo  populations  are  mostly  described  by 
means  of  frequency  distributions  in  cumulative 
form.  This  has  the  effect  of  smoothing  out  the 
range  bias  as  an  echo  or  cell  that  is  erroneously 
assigned  to  a  lower  size  class  will  appear  in  the  ac- 
cumulation for  the  correct  (larger)  class  and  all  sub- 
sequent (larger)  classes. 

3)  Large  samples  were  usually  selected  over  fairly 
long  time  periods.  In  this  way  the  chances  of  ob- 
serving echoes  and  cells  of  a  given  size  class  at 
many  different  ranges  are  increased,  reducing  the 
bias  error  for  that  echo  size  class. 

4)  The  principal  results  stressed  in  the  paper  have 
to  do  with  differences  between  large  samples,  where 
a  similar  bias  in  the  two  samples  has  a  good 
probability  of  being  cancelled. 

In  studying  the  internal  structure  of  the  larger 
echoes  it  has  been  found  that  their  areas  can  be 
divided  into  several  distinct  regions.  These  regions 
can  be  tracked  back  and  forth  and  can  be  seen  to 
form,  reach  a  maximum  reflectivity,  decay  and 
eventually  dissipate  relatively  independent  of  each 
other.  They  also  retain  their  relative  positions  among 
themselves  and  their  general  configurations  from 
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Fig.  1.  Cumulative  frequency  distributions  of  the  maximum 
area  attained  by  radar  echoes  in  log-probability  coordinates. 
Data  were  obtained  by  the  NOAA  ship  Oceanographer  during 
GATE  for  the  period  7-9  August  1974. 
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Fig.  2.  Percentage  of  the  total  observed  rainfall  produced 
by  different  percentiles  of  the  largest  echoes.  Data  were  ob- 
tained by  the  NOAA  ship  Oceanographer  at  3  h  intervals 
during  the  period  9- 14  August  and  1-6  September  1974  in  GATE. 

one  time  period  to  the  next.  In  general,  a  core  of 
higher  reflectivity  is  present  in  the  region.  These 
entities  making  up  the  total  echo  are  called  cells. 
They  seem  to  be  the  basic  building  blocks  forming 
larger  echoes.  Since  not  much  is  known  about 
these  entities  it  is  difficult  and  probably  incorrect 
to  attempt  at  this  time  to  make  an  objective  defini- 
tion of  these  cells  in  terms  of  a  specific  reflectivity 
contour  or  a  gradient  of  reflectivity  from  the  core  of 
the  cell  outward. 

These  cells  are  continuously  changing  during  their 
lifetimes  so  that  a  fixed  intensity  threshold  or  gradi- 
ent would  only  delineate  part  of  the  cell  and  apply 
for  only  part  of  its  life  cycle  or  maybe  even  re- 
sult in  the  rejection  of  some  cells  completely.  For 
these  reasons  a  subjective  determination  was  em- 
ployed in  the  paper  where  all  sources  of  information 
are  considered,  e.g. ,  cell  configuration,  relative  posi- 
tion within  the  echo,  growth  history,  etc.  Although 
subjective,  this  method  is  physically  oriented  and 
uses  more  information  than  automatic,  mechanical 
selection  schemes.  Those  echoes  that  do  not  show 
evidences  of  being  made  up  of  these  distinct  re- 
gions or  cells  are  termed  individual  or  isolated 
echoes.  When  isolated  cells  (or  groups  of  cells)  do 
merge  they  can  usually  be  still  identified  as  dis- 
tinct entities  within  the  larger  conglomerate  until 
they  dissipate.  In  this  way  cells  and  isolated  echoes 
have  been  tracked  as  entities  through  their  entire 
lifetimes  even  if  mergers  or  splits  are  involved. 
When  echoes  came  into  or  moved  out  of  the  max- 
imum range  considered  they  were  not  used  for 
the  statistics  presented. 

On  some  occasions  rainfall  values  are  given  for 
echoes  and  cells.  The  Z-R  relationship  used  was 
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Fig.  3.  Percentage  of  composite  echoes  observed  as  a  func- 
tion of  average  echo  area.  Data  are  a  subset  of  the  data  used 
for  Fig.  2. 

Z  =  350R125.  This  formula  was  given  by  Hudlow 
(1975)  in  the  documentation  for  the  GATE  Oceanog- 
rapher  radar  set.  At  the  GATE  workshop  in  Boulder, 
Austin  (1977)  presented  a  new  relationship  (Z 
=  ZIQR1  -25)  and  tables  of  corrections  to  the  recorded 
reflectivity  values  due  to  system  bias  and  attenu- 
ation. Since  most  of  the  analyses  presented  in  this 
paper  had  been  completed  at  that  time  it  was  decided 
to  present  the  old  values  and  just  make  reference  to 
the  original  Z  —  R  relationship  used.  After  all,  the 
main  emphasis  of  this  paper  is  not  on  rainfall  values 
as  such  but  on  the  structure  and  development  of 
echoes.  Furthermore,  the  rainfall  values  are  almost 
exclusively  used  in  a  relative  way  (comparison  of 
grouped  vs  isolated  echoes).  If  the  rainfall  values 
are  multiplied  by  2.3,  rainfall  values  can  be  obtained 
which  correspond  to  the  new  Z  -  R  relationship  and 
are  corrected  for  system  bias.  No  correction  for 
the  attenuation  of  the  radar  signal  has  been  made. 
A  description  of  the  data  used  can  be  found  in 
Hudlow  (1975).  In  general  the  data  consist  of  average 
values  of  returned  power  for  a  volume  of  2  km  in 
range  by  2°  azimuth  by  2°  elevation.  The  time  be- 
tween recorded  PPI  scans  at  base  tilt  (0.5°  eleva- 
tion) is  15  min. 

2.  Characteristics  of  composite  echoes 

A  representative  sample  of  667  echoes  was  se- 
lected from  all  echoes  observed  by  the  Ocean- 
ographer  from  9-14  August  and  1-6  September 
1974.  These  echoes  were  tracked  throughout  their 
lifetimes.  Again,  digitized  data  were  employed  for 
the  analyses.  Only  echoes  that  had  average  areas 
over  their  lifetimes  under  500  km2  were  selected 
(the  maximum  areas  were  as  large  as  10  000  km2 
in  a  few  cases).  Analysis  of  the  sample  indicates 
that  there  are  many  individual  echoes  which  never 
merge,  never  split,  and  appear  to  contain  only  one 


cell  or  reflectivity  maximum.  On  the  other  hand, 
there  are  several  composite  echoes  which  were 
seen  to  either  form  as  the  result  of  cell  growth  in 
close  proximity  (and/or  merger),  split  into  several 
echoes,  or  contain  several  connected  reflectivity 
maxima  or  cells  at  least  at  the  minimum  detectable 
signal. 

Fig.  3  shows  the  percentage  of  composite  echoes 
in  each  average  area  class.  It  can  be  seen  that,  in 
general,  echoes  having  average  areas  >80  km2  are 
composite  echoes.  It  seems  that  single-celled  echoes 
can  grow  up  to  that  area  and  no  more,  and  that 
larger  echoes  are  formed  by  several  cells  growing 
next  to  each  other. 

The  typical  composite  echo  reaches  a  maximum 
area  of  377.5  km2  and  has  an  average  area  over 
its  lifetime  of  201.4  km2.  The  average  echo  rain- 
fall rate,  as  computed  from  the  relationship  Z 
=  350  R1 25  given  by  Hudlow  (1975)  is  1.4  mm  h"1 
while  the  maximum  rate  is  2.0  m  h_1.  The  typical 
echo  produces  1232  mm  km2  of  rain  during  a  life- 
time of  2.6  h.  In  the  mean,  these  echoes  consist 
of  five  cells,  although  the  maximum  number  of  cells 
is  eight.  Typically,  during  the  lifetime  of  the  echo, 
around  15  cells  appear,  grow  and  dissipate  in  close 
proximity. 

In  general,  at  the  start  of  a  composite  echo,  a  few 
cells  are  observed  to  occur  together.  With  time,  new 
cells  form  next  to  the  old  ones.  The  old  ones  may 
decay  while  the  newer  ones  grow  and  develop.  Dur- 
ing the  lifetime  of  the  composite  echo,  many  cells 
can  go  through  their  cycles  of  growth  and  decay. 
Although  there  is  some  variation  in  cell  size  and 
duration,  usually  the  particular  area  covered  by  a 
composite  echo  depends  on  the  average  number 
of  cells  present  during  the  lifetime  of  the  echo. 
Similarly,  the  duration  depends  on  the  total  number 
of  cells  appearing  next  to  the  other  cells  during  the 
life  span  of  the  echo.  As  the  average  radar  re- 
flectivity of  the  echoes  does  not  vary  much  with 
cell  area,  the  rain-producing  ability  of  composite 
echoes  depends  largely  upon  the  number  of  cells 
making  up  the  echo  both  in  space  and  time. 

The  data  show  a  wide  variety  of  echo  formation 
and  growth  modes.  For  example,  an  echo  can  exist 
which,  on  the  average,  is  made  up  of  three  cells 
next  to  one  another.  During  the  lifetime  of  the  echo, 
12  cells  might  go  through  their  individual  life  cycles. 
A  similar-sized  echo  (containing  three  cells  on  the 
average)  may  go  through  only  six  cells  during  a  much 
shorter  lifetime.  As  a  result,  there  are  no  unique 
area-duration  relationships;  echoes  having  the  same 
average  or  maximum  area  can  have  widely  different 
lifetimes  and  vice  versa.  Fig.  4  shows  an  attempt  to 
derive  such  a  relationship  for  the  data  of  Fig.  1 .  The 
mean  duration  for  each  maximum  area  class  is  indi- 
cated, together  with  its  standard  deviation.  No  clear 
area-versus-lifetime  relationship  emerges.  The  vari- 
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Fig.  4.  Average  echo  duration  as  a  function  of  maximum  echo  area. 
Data  source  as  in  Fig.  1 . 


ation  of  lifetime  within  each  area  class  is  certainly 
very  large.  A  very  general  trend  for  longer  duration 
with  larger  area  can  be  detected  for  the  echoes 
having  maximum  areas  below  250  km2.  However  the 
scatter  of  individual  values  is  so  large  (as  indicated 
by  the  one  sigma  bars)  that  the  relationship  isTiot 
too  meaningful.  Actually  there  is  more  of  an  upper 
bound  than  a  direct  relationship,  so  that  echoes 
that  last  very  long  are  usually  the  largest,  but  not 
necessarily  the  other  way  around.  Most  of  the 
smaller  echoes  are  composed  of  only  one  or  just  a 
few  cells.  On  the  other  hand,  it  is  surprising  to  see 
that  large  echoes  can  have  very  short  durations.  In 
these  cases  it  seems  that  several  cells  were  formed 
together  (explaining  the  large  echo  area)  within  a 
short  period  of  time  but  that  further  cell  formation 
was  halted  (probably  because  of  the  high  competi- 
tion for  the  available  low-level  moisture  supply).  In 
this  way  the  lifetime  of  the  whole  echo  approxi- 
mates the  lifetime  of  the  individual  cells  which 
originated  very  close  in  time  in  the  initial  formation 
of  the  group.  Actually,  long-lasting  echoes  (~2  h) 
do  not  have  too  many  cells  at  any  one  time  (but 
many  cells  are  part  of  the  echo  with  time)  and  thus 
have  medium  size  echo  areas  (—300-400  km2). 
When  the  same  data  of  Fig.  4  are  stratified  by  area 
or  duration  alone,  log-normal  distributions  are  ob- 
served (Nasim,  1977).  (Fig.  1  shows  the  correspond- 
ing log-probability  plot  for  the  area  distribution.) 
Therefore,  a  bivariate  log-normal  distribution  is  sug- 
gested. Such  a  distribution  is  shown  in  Fig-  5. 

This  joint  log-normality  both  in  size  and  duration, 
together  with  the  fact  that  size  and  duration  are 
basically  determined  by  the  number  of  cells  growing 


together  during  the  lifetime  of  the  echo,  indicates 
that  composite  echoes  form  by  a  stochastic  process 
of  cell  growth.  In  this  process,  the  number  of  new 
cells  forming  next  to  the  old  ones  is  directly  pro- 
portional to  both  the  size  of  the  existing  echo  and 
a  random  factor.  [The  process  obeys  the  law  of 
proportionate  effects,  which  is  the  generation  prin- 
ciple of  the  log-normal  distribution  (Lopez,  1977).]. 

3.  Characteristics  of  individual  cells 

At  this  point,  the  question  should  be  raised  as  to 
the  origin  and  identity  of  the  cells  making  up  compo- 
site echoes.  Visual  cloud  observations  (e.g.,  Zipser, 
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Fig.  5.  Combined  frequency  distribution  of  echo  duration  and 
echo  maximum  area.  Data  source  as  in  Fig.  1 . 
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1969;  Woodley  and  Powell,  1970)  indicate  that 
tropical  cumulus  clouds  can  grow  in  clusters  where, 
as  one  cloud  dissipates,  others  form  on  its  side. 
Such  a  cloud  system  could  last  much  longer  than 
typical  isolated  cumuli.  The  echo  signature  of  such 
a  system  would  appear  as  a  conglomerate  of  dis- 
tinct reflectivity  areas  (corresponding  to  the  dif- 
ferent raining  clouds)  at  various  stages  of  growth 
and  dissipation.  This  is  just  what  is  observed  from 
the  radar  data  as  described  above. 

On  the  other  hand,  the  radar  cells  described  in 
this  paper,  which  appear  as  new,  distinct  portions  of 
an  echo  mass,  must  be  correlated  with  active 
convective  cloud  elements.  Actually  these  cells  have 
areas  and  durations  of  the  same  order  of  magni- 
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tude  as  their  neighboring  single-cell  echoes,  which 
are  clearly  the  results  of  individual  clouds.  In  view 
of  these  arguments  and  of  the  behavior  of  the  cells 
as  described,  it  is  reasonable  to  conclude  that  the 
radar  cells  are  the  results  of  individual  cloud 
entities  which  are  growing  next  to  each  other. 

It  is  generally  believed  that  clouds  growing  close 
together  are  more  vigorous  than  clouds  which  are 
separated  from  one  another.  This  is  predicated  on 
the  idea  that  clouds  in  proximity  are  mutually 
better  protected  from  the  dilution  resulting  from  en- 
trainment  of  dry  environmental  air.  If  this  is  true, 
it  would  be  expected  that  the  cells  constituting  the 
composite  echoes  would  be  bigger,  have  a  longer 
lifetime,  and  be  more  intense  than  isolated,  single- 
celled  echoes. 

In  order  to  test  this  inference,  around  400  cells 
making  up  larger  composite  echoes  were  identified 
and  tracked  throughout  their  life  cycles.  These  cells 
can  generally  be  tracked  for  45  min  to  an  hour 
(others  can  last  as  long  as  4  h).  They  usually  re- 
tain their  relative  positions  within  the  composite 
echo  during  their  lifetimes.  The  tracking  was  done 
manually  from  PPI  displays  of  the  digital  radar  data. 
The  time  interval  between  PPI's  was  15  min.  The 
area  of  the  larger  composite  echoes  was  divided 
among  the  different  cells.  The  determination  of  the 
boundaries  of  the  cells  was  subjective  with  refer- 
ence to  the  cell  configuration,  relative  position 
within  the  echo  and  its  growth  history.  For  com- 
parison, 641  single-cell,  isolated  echoes  were  also 
tracked  and  analyzed.  These  echoes  existed  in  the 
same  general  region  and  during  the  same  time  pe- 
riod as  the  composite  echoes,  but  never  merged  or 
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showed  signs  of  containing  more  than  one  radar 
reflectivity  maximum. 

Fig.  6  shows  the  log-probability  plot  of  the 
frequency  distribution  of  maximum  area  attained 
both  by  the  cells  making  up  composite  echoes 
and  by  isolated  individual  echoes.  The  composite 
echoes  have  cells  which  are,  in  the  mean,  larger 
than  the  individual,  isolated  echoes.  A  similar  plot 
of  echo  duration  in  Fig.  7  shows  that,  on  the 
average,  cells  existing  in  groups  last  longer  than 
isolated,  single-cell  echoes.  Note  that  99%  of  the 
single-cell  echoes  lasted  less  than  30  min.  It  is  rea- 
sonable to  expect  from  these  characteristics  that 
cells  growing  in  groups  should  produce  more  rain 
than  the  isolated  echoes.  This  is  shown  to  be  the 
case  in  Fig.  8. 

At  this  point  two  interpretations  could  be  ad- 
vanced to  explain  the  fact  that  the  cells  making  up 
the  composite  echoes  are  larger,  last  longer  and 
rain  more  than  isolated  single-cell  echoes: 

1)  The  larger,  longer-lasting  clouds  have  a  higher 
probability  of  merging  together  into  composite 
echoes  but  otherwise  have  the  same  properties 
as  comparable  individual  echoes. 

2)  The  clustering  of  clouds  enhances  their  dy- 
namics (maybe  because  of  protection  from  entrain  - 
ment)  and  in  consequence  clustered  clouds  are 
more  vigorous  than  isolated  ones. 

If  the  first  explanation  is  true,  cells  and  isolated 
echoes  of  similar  size  should  have  the  same  mean 
duration,  mean  radar  reflectivity,  and  should  pro- 
duce the  same  total  amount  of  rain.  Fig.  9  shows 
such  a  comparison  for  duration.  All  of  the  in- 
dividual echoes  lasted  around  15  min,  while  the 
composite  echo  cells  of  comparable  area  lasted  up 
to  90  min.  Fig.  10  similarly  shows  that  in  general 
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Fig.  9.  Duration  as  a  function  of  average  area  for  the  cells  of 
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Fig.  10.  As  in  Fig.  9  except  for  average  rainfall. 


cells  from  groups  have  a  greater  rainfall  rate  than 
the  individual  echoes.  Finally,  Fig.  11  shows  the 
comparison  for  total  rain  volume  produced.  As 
expected  the  cells  produce  more  rain  than  their 
isolated  counterparts. 

The  evidence  thus  indicates  that  the  second 
alternative  might  be  correct:  that  clustering  of  con- 
vective  cloud  elements  enhances  their  dynamics  and 
produces  echoes  which  are  larger,  last  longer  and 
are  more  intense,  and  as  a  result  produce  more 
rain  than  similar-sized  convective  elements  develop- 
ing in  isolation  from  others.  It  is  possible,  however, 
that  a  larger  cloud  size  increases  the  probability 
of  merging  with  other,  but  the  data  points  to  a 
discernible  enhancement  of  clustered  convective 
elements. 

4.  Conclusions  and  further  questions 

The  results  presented  in  this  paper  for  the  in- 
tensive observational  period  of  GATE  indicate  that, 
although  they  are  in  the  minority,  the  largest  10% 
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of  the  echoes  account  for  about  90%  of  the  ob- 
served rainfall.  These  largest  echoes  can  be  classi- 
fied as  C  (-100  to  10  000  km2)  and  C-B  (-10  000 
to  50  000  km2)  scale.  The  C-B  scale  echoes 
usually  correspond  to  squall  lines,  wide  bands  or 
widespread  precipitation.  In  this  investigation,  the 
C-B  scale  echoes  have  not  been  considered;  there 
are  so  few  that  their  structure  can  be  better 
analyzed  from  the  case-study  viewpoint  (Houze, 
1977).  The  present  study  has  concentrated  on  the 
C-scale  echoes  which  have  average  areas  over  their 
lifetime  under  500  km2. 

The  principal  difference  between  the  C-scale  and 
the  smaller,  much  more  numerous  D- scale  echoes 
(=sl00  km2)  is  the  cellularity  of  the  former.  The 
C-scale  echoes  contain  several  maxima  of  radar  re- 
flectivity, while  the  smaller  D-scale  echoes  never 
show  signs  of  being  composed  of  more  than  one. 
In  the  case  of  the  C-scale  echoes,  several  clustered 
cells  go  through  their  life  cycles,  with  new  ones 
forming  to  their  side  and  older  ones  dissipating. 
The  average  size  and  duration  of  the  composite 
echoes  depend  upon  how  many  cells  are  found  in 
the  cluster  at  the  same  time  and  the  total  number 
appearing  and  dying  during  the  lifetime  of  the  com- 
posite echo.  Since  the  size  and  duration  distribu- 
tions of  the  echoes  are  both  log-normal,  it  is  sug- 
gested that  the  composite  echoes  grow  by  a  process 
that  depends  upon  the  size  of  the  echo  and  on 
random  factors  > 

The  cells  making  up  the  composite  echoes  are 
related  to  individual  convective  elements  which 
would  probably  be  seen  visually  as  cloud  elements 
developing  in  a  mass  of  growing  and  decaying  cloud 
entities.  It  is  possible  that  the  convective  cloud 
elements  profit  from  their  aggregation  in  that  partial 
protection  from  entrainment  of  dry  environmental 
air  is  achieved.  This  might  be  the  reason  for  the 
fact  that  the  cells  making  up  the  composite 
echoes  are  generally  bigger,  last  longer  and  rain 
more  than  the  single-celled  echoes  that  correspond 
to  relatively  isolated  clouds. 

Two  questions  naturally  arise: 

•  What  is  the  mechanism  by  which  new  clouds 
form  in  close  proximity  to  older  ones? 

•  What  conditions  determine  whether  a  single- 
celled  or  a  composite  echo  forms? 

In  regard  to  the  first  question,  it  is  usually  argued 
that  the  evaporative  downdrafts  from  raining 
clouds  can  induce  the  formation  of  new  clouds. 
Actually,  comparison  of  rainfall- versus-time  with 
number-of-cells-versus-time  curves  for  some  of  the 
composite  echoes  showed  that,  while  the  patterns 
are  very  similar,  they  can  have  a  time  lag  of  30- 


45  min.  Thus,  pulses  in  rainfall  along  the  lifetime 
of  the  echo  were  antecedent  to  the  appearance  of 
similar  pulses  in  the  number  of  cells.  Unfortunately, 
however,  most  of  the  digital  data  in  GATE  were 
recorded  every  15  min  and  it  is  difficult  to  get 
accurate  growth  curves  for  the  composite  echoes 
with  that  time  resolution. 

Some  insight  into  the  answer  to  the  second 
question  could  probably  be  gained  by  the  analysis 
of  the  initial  conditions  under  which  groups  of  cells 
start  forming  versus  corresponding  conditions  for 
individual  echoes.  It  could  be  that  the  initial  ar- 
rangement, size,  spacing,  etc.,  of  the  first  echoes 
are  determining  factors  in  the  future  development 
of  composite  echoes. 

Answers  to  these  questions  could  provide  valu- 
able information  about  the  mechanisms  of  growth 
and  formation  of  C-scale  convective  systems  which 
could  be  useful  both  for  the  understanding  of  the 
role  of  cumulus  clouds  in  the  energetics  of  larger 
scale  systems  and  for  the  modification  and  artificial 
stimulation  of  cloud  conglomerate  growth. 
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ABSTRACT 

Lidar  observations  of  a  winter  ice  cloud  in  the  zen.ith  gave  a  very  high  reflection  but  a  very  small 
depolarization.  When  the  lidar  was  tilted  more  than  0.5°  away  from  the  zenith,  the  reflection  amplitude 
fell  to  3%  of  it's  zenith  value,  but  the  depolarization  increased.  The  above  properties  proved  unambigu- 
ously that  reflection  was  occurring  from  the  specular  surfaces  of  horizontal  crystals.  These  properties 
were  used  to  estimate  some  cloud  microphysical  properties.  At  a  selected  time,  the  estimates  gave  a  mean 
"diameter"  of  74  nm  for  the  horizontal  faces,  a  crystal  number  density  of  0.78  C~l,  and  a  maximum 
departure  of  the  crystal  axis  from  the  horizontal  of  0.5°.  The  fraction  of  the  total  crystal  cross  section 
which  was  specularly  reflecting  was  estimated  as  unity. 


1.  Introduction 

The  depolarization  ratio  obtained  from  a  linear 
polarized  lidar  pulse  when  reflected  from  a  population 
of  cloud  particles  has  been  shown  to  give  a  measure 
of  cloud  glaciation  (Schotland  el  al.,  1971  ;  Sassen, 
1974)  and  possibly  some  information  on  cloud  crystal 
habit  (Sassen,  1977).  Recently,  Piatt  (1977)  reported 
some  very  high-amplitude  lidar  reflections  from  a 
middle-level  cloud  when  observed  in  the  vertical,  and 
an  attendant  low  depolarization.  Subsequently,  these 
results  were  interpreted  in  terms  of  reflections  from 
horizontally  aligned  hexagonal  plate  crystals  (Piatt, 
1978;  hereafter  referred  to  as  Pi).  In  PI  the  back- 
scatter  properties  of  large,  horizontally  aligned  plate 
crystals  were  analyzed.  It  was  shown  that  informa- 
tion on  the  crystal  number  density,  size  and  the 
quality  of  the  crystals  could  be  estimated  provided 
that  the  change  in  the  magnitude  of  the  backscatter 
coefficient  with  angle  near  the  zenith  and  the  de- 
polarization ratio  were  measured.  In  previous  mea- 
surements (Piatt,  1977),  the  lidar  was  not  scanned 
away  from  the  vertical,  but  the  backscatter  coeffi- 
cients and  depolarization  ratios  for  vertical  viewing 
were  consistent  with  the  above  interpretation.  It  was 
apparent  that  reflections  were  occurring  specularly 
from  a  few  crystals  in  each  pulse  volume  which  hap- 
pened to  be  correctly  aligned.  This  would  explain, 
quite  simply,  the  low  depolarization  (Liou  and  Lahore, 
1974;  Chylek,  1977)  and  high  backscatter. 

'On  leave  from  CSIRO,  Division  of  Atmospheric  Physics, 
Aspendale,  Victoria,  3195,  Australia. 


Subsequent  to  the  work  in  PI,  lidar  observations 
were  made  on  a  winter  ice  cloud  near  Boulder,  CO. 
When  the  lidar  was  scanned  away  from  the  vertical 
a  dramatic  decrease  in  lidar  backscatter  occurred.  For 
a  zenith  angle  of  only  0.5°  the  backscatter  decreased 
to  about  3%  of  the  zenith  value.  This  fact,  together 
with  the  high  backscatter  coefficients  and  low  de- 
polarization ratios  observed  in  the  zenith  were  strong 
evidence  that  the  lidar  was  observing  specular  reflec- 
tions from  ice  crystal  plates  with  their  long  axes 
aligned  in  the  horizontal.  Tor  if  the  lidar  scan  was 
at  a  zenith  angle  which  was  greater  than  the  maximum 
angle  of  departure  of  the  crystal  long  axes  from  the 
horizontal  (the  flutter  angle)  then  all  specularly  re- 
flected light  would  be  directed  away  from  the  lidar 
receiver,  and  the  receiver  signal  would  indeed  drop 
dramatically.  For  greater  zenith  angles  the  signnl 
would  be  composed  of  light  which  had  undergone 
multiple  internal  reflections  within  the  crystals. 

In  this  note  the  observations  made  near  Boulder 
are  described,  together  with  estimates  of  the  maximum 
angle  of  flutter  of  the  crystals  and  their  number  den- 
sities and  sizes. 

2.  Lidar  and  aircraft  measurements 

The  lidar  measurements  were  made  with  the  WPL/ 
ERL/NOAA  monostatic  lidar  (Derr  el  al.,  1976),  at 
a  site  about  8  mi  north  of  Boulder.  The  lidar  was 
pointed  in  the  vertical  and  then  scanned  away  from 
the  vertical  in  small-angle  increments.  Calibrated 
values  of  the  backscatter  coefficient  and  the  depolariza- 
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Fig.  1.  Cloud  backscatter  coefficients  B'(ir,8)  and  depolarization  ratios  for  zenith 
angles  of  (a)  0.0°,  (b)  0.5°,  (c)  2.0°  and  (d)  8.2°  at  the  times  shown. 


tion  ratio  and  their  variations  with  range  were  recorded 
for  each  angle.  The  scans  were  repeated  at  regular 
intervals. 

An  instrumented  aircraft  obtained  simultaneous 
measurements  of  temperature  versus  altitude.  Visual 
pilot  observations  indicated  an  ice  cloud.  A  strong 
subsun  was  observed  below  the  aircraft  when  flying  in, 
or  above,  the  cloud,  which  gave  independent  evidence 
of  the  presence  of  oriented  crystals. 

The  cloud  was  observed  on  24  January  1977.  It  was 
rather  tenuous  in  nature  and  the  ground  was  visible 
to  the  pilot  through  the  cloud  for  most  of  the  time. 

A  series  of  lidar  returns  are  shown  in  Fig.  1.  It  is 
obvious,  immediately,  that  the  cloud  returns  have 
the  characteristic  features  predicted  for  horizontal  ice 
crystals.  The  reduction  in  backscatter  for  0.5°  zenith 
angle  is  quite  large.  For  5=2.0°  the  backscatter  is 
an  order  of  magnitude  smaller.  The  depolarization 
ratio  is  seen  to  vary  from  about  0.01  at  5=0.0°  to 
values  in  the  region  of  0.3  at  5=8.2°.  Two  further 
cloud  profiles  taken  in  the  vertical  are  shown  in 
Figs.  2  and  3.  The  backscatter  coefficient  B(v)  is  very 
high  and  the  depolarization  ratio  is  almost  vanishingly 
small.  These  profiles  were  among  the  strongest  recorded 
and  are  discussed  later. 

3.  Discussion 

Several  lidar  scans  away  from  the  vertical  were 
made  during  the  observation  period,  with  the  lidar 
being  fired  at  small-angle  increments.  A  convenient 
method  of  obtaining  the  relative  intensity  of  back- 
scatter  at  each  zenith  angle  0  is  to  calculate  y'(ir,6), 
the  integrated  backscatter  through  the  cloud, 


f'(*ft)=[     B'(r,d)dz, 


(1) 


where  it  is  understood  that  B'{it,6)  is  the  measured 
isotropic  backscatter  coefficient  at  angle  6  and  z\, 
and  zr  are  the  cloud  base  and  top,  respectively. 
Attenuation  of  the  pulse  in  the  cloud  causes  B'(ir,d) 
to  be  less  than  its  actual  value  B(ir,6).  However,  in 
this  cloud  there  was  evidence  that  attenuation  was 
very  low.  First,  pilot  reports  indicated  a  tenuous 
cloud,  with  the  ground  usually  visible  through  the 
cloud.  Second,  the  very  high  backscatter  in  Fig.  3 
shows  very  little  apparent  attenuation  toward  cloud 
top,  and  the  attenuation  would  be  even  smaller  for 
the  other  cases  with  lower  backscatter.  The  intensity 
7'(7r,0)  can  be  compared  with  y'{irfi)  at  zenith  angle  6 
to  estimate  the  maximum  angle  of  crystal  flutter  5f. 
The  ratio  of  y'(ir,d)  to  7'(tt,0)  for  angles  near  and  at 
the  zenith  and  for  four  separate  lidar  scans  between 
0930  and  1030  LT  are  shown  in  Fig.  4.  A  line  of 
best  fit  was  drawn  by  eye  through  unity  ratio  at  zero 
zenith  angle  and  the  four  other  points.  The  horizontal 
broken  line  shows  the  typical  value  of  y'(ir,d)  y'(ir,0) 
found  for  angles  ^0.6°.  The  value  of  9  at  the  inter- 
section of  the  lines  is  defined  here  as  the  maximum 
angle  of  flutter  6£.  This  definition  gives  6£  =  0.56°. 
However,  0.06°  must  be  subtracted  for  the  transmitter 
beamwidth,  so  that  6£~0.5°. 

The  number  of  crystals  in  the  lidar  pulse  volume 
which  are  correctly  aligned  for  specular  reflection  to 
the  receiver  is  very  sensitive  to  the  maximum  angle 
of  crystal  flutter,  S£,  assuming  that  the  crystals'  axes 
have  two  degrees  of  freedom  of  rotation  about  the 
horizontal.   Signal   "spikes"  which  are  probably  due 
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Fig.  2.  Cloud  backscatter  coefTicients  and  depolarization  ratio 
profiles  when  the  cloud  was  fairly  homogeneous  and  showing 
single  crystal  "spikes." 

to  reflections  from  a  single  crystal  are  evident  in  the 
profiles  of  Figs.  1  (0.5°)  and  2,  near  the  cloud  base. 
For  a  given  lidar  geometry,  the  backscatter  coefficient 
of  one  "spike"  will  give  a  measure  of  the  area  of 
specular  reflection  from  an  individual  crystal. 

Toward  the  cloud  centers,  the  large  and  fluctuating 
signal  indicates  that  more  than  one  reflection  is  being 
obtained  in  each  pulse  volume.  An  estimation  of  the 
average  number  in  each  volume  can  be  made,  leading 
to  a  cloud  number  density.  Finally,  for  the  cases  of 
many  reflections  from  each  pulse  volume,  the  average 
signal  together  with  the  estimated  crystal  diameters 
and  angle  of  flutter,  will  give  an  estimate  of  the 
fraction  of  the  total  crystal  cross-section  which  is 
specularly  reflecting.  The  above  aspects  are  considered 
separately  below  to  give  a  tentative  picture  of  the 
cloud  microphysics  at  one  time  (Fig.  2). 

The  power  returned  to  the  receiver  from  a  single 
crystal  is  given  in  PI  as 


/J«  =  JPo(2/?/f/2260)[exp(-2ratm)], 


(2) 


where  Po  is  the  transmitter  power,  A  the  crystal 
reflecting  cross-section,  z  the  range,  5<£  the  solid  angle 
of  the  transmitter  beam,  R  the  normal  reflectivity 
of  the  crystal  surface,  and  Tulm  the  atmospheric 
optical  depth  at  the  laser  wavelength  between  the 
cloud  and  the  ground. 

In    terms  of   the   backscatter   coefficient    B(ir),    the 
return  power  is  given  by  the  standard  lidar  equation 


where  c  is  the  velocity  of  light,  At  the  pulse  duration 
and  A  i  the  receiver  aperture.  Combining  Eqs.  (2) 
and  ($)  will  give  the  individual  crystal  area  for  a 
given  measured  maximum  backscatter  coefficient  of 
the  "spike"  signal 


A  =  (cAtli8<t>  \6jtR)B(v). 


(4) 


Values  of  .1 1  and  At  for  the  XOAA  lidar  are  shown 
in  Table  1.  Using  these  figures  and  R  =  0.Q2  (PI)  we 
obtain  a  value  for  A  of  1.08X10-8  nr  per  unity  back- 
scatter  coefficient  (in  km-1).  For  simple  hexagonal 
crystals  we  assume  that  the  cross  section  is  circular 
and  thus  a  crystal  radius  can  be  defined.  This  radius 
is  given  for  the  XOAA  lidar  by 


r=59\B(ir)  /am, 


(5) 


where  B(ir)  is  now  in  units  per  kilometer.  In  many 
cases,  the  spike  signals  in  the  pulse  volume  overlap. 
However,  if  we  assume  that  the  number  of  spike 
signals  arising  from  a  pulse  volume  is  given  by  a 
statistical  distribution  about  a  mean  value  and  we 
also  ignore  the  small  contribution  to  the  signal  by 
non-aligned  crystals,  then  the  mean  backscatter  co- 
efficient will  give  a  measure  of  the  product  of  the 
number  n  of  crystals  and  their  backscatter  coeffi- 
cients B(ir).  Further,  the  "noise"  fluctuation  level 
through  the  cloud  (assuming  a  homogeneous  cloud) 
compared  to  the  mean  signal  will  be  related  to  ». 
Thus,  assuming  Poisson  statistics,  m=(SX)2,  where 
SX  is  the  mean  signal-to-noise  ratio.  It  is  apparent 
from  many  of  the  returns,  i.e.,  Fig.  1  (0.5°)  and 
Fig.  3  that  the  cloud  is  not  homogeneous  with  altitude. 


17.0 


CLOUD  TEMPERATURE  CO 
-10.5     -13.4 


UJ 


UJt 
O  'E 

U  -* 

cc  ~   8.5 

12- • 

o  - 
V>  m 

*  ■ 

< 

CD 


<  < 

_i  or 

£      o 


09:54:25  hrs 

Zenith  Angle  >  0.0* 

1 

- 

-^ — ^J 

L . 

- 

/,R=Po[cA//l1/5(7r)/87r22]exp(-2rIltl„), 


(3) 


2.55     3.0 
o  ALTITUDE  (Km) 

Fig.  3.   Very  high  cloud  backscatter  coefficients  and  very  low 
depolarization  ratios.  The  angle  of  flutter  may  have  decreased. 
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Also,  the  noise  on  the  very  weak,  signals  at  0=2° 
and  8.2°  in  Fig.  1  is  photon  and  instrumental  noise 
rather  than  noise  from  signal  spikes.  However,  Fig.  2 
shows  more  uniform  "noise"  and  at  a  level  which  is 
much  greater  than  photon  noise.  The  mean  back- 
scatter  coefficient,  defined  here  as  y'(ir)/h,  where  h  is 
the  cloud  depth,  is  ' — 2  km-1.  The  rms  "spike"  noise 
is  estimated  by  eye  to  be  0.9  km"1.  Thus,  SN«2.2, 
from  which  «  =  4.8.  This  indicates  that  each  spike 
signal  has  a  backscatter  coefficient  of  0.4  km-1,  on 
average.  From  Eq.  (4),  the  radius  of  the  crystal  is 
37  tim.  The  small  spikes  near  the  cloud  base  have 
a  B(r)  of  about  0.25  km-1,  yielding  a  crystal  radius 
of  29  ^m. 

The  number  of  crystals  na  optimally  aligned  in  a 
lidar  pulse  volume  is  given  in  PI  as 


«a  =  jr«o/£>2(5fl/85f)21 


(6) 


where  68  is  the  transmitter  beam  angle  (<5£),  n0  the 
crystal  number  density,  /  the  pulse  length  and  D  the 
receiver  diameter.  The  fundamental  assumption  in 
the  derivation  of  this  equation  is  that  the  main  crystal 
axis  is  equally  likely  to  take  up  any  angle  between 
horizontal  and  the  angle  6£  from  the  horizontal. 
Having  obtained  «„,  we  can  solve  for  n0.  For  the 
lidar  parameters  of  Table  1  and  using  5£  =  0.5°,  Ha  =  4.8, 
(Fig.  2)  we  obtain  no^O.S  crystals  I  l. 

Expressions  for  mean  values  of  B(w)„  and  B(w)i 
for  the  case  where  there  are  many  overlapping  spike 
signals  in  each  pulse  volume  were  also  derived  in  PI. 
2J(ir)M  and  B{ir)i.  are  backscatter  coefficients  for 
radiation  returned  in  the  same  polarization  plane  as 
the  transmitter  beam  and  in  the  orthogonal  plane 
respectively.  [Also,  B(ir)  =  B(ir)ll  +  B(w)1.2  The  model 
assumes  a  mixture  of  anisotropic  imperfect  crystals 
for  which  B(tt)„  =  B(ir)i  and  perfectly  reflecting  crys- 
tals for  which  B (^  =  0: 


B(T)„  =  («oir^)[0.01//^(l  +  2/?))+0.25(l-/)] 
£(ir)i=  («o^2/4)  (0.25(1-/)) 


(7) 


where  d  is  the  crystal  diameter  and  /  the  fraction 
of  the  total  number  of  crystals  which  are  specularly 

Table  1.  WPL/ERL/NOAA  lidar  characteristics. 


Transmitter 

Type 

Pulsed  ruby  laser 

Energy 

2J 

Pulse  length 

30  ns 

Beam  divergence 

1  mrad 

Receiver 

Type 

Newtonian 

Area 

1.54  m» 

Field  of  view 

3  mrad 

Polarizer 

Polaroid 

Electronic  time-gate 

60  ns 
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Fig.  4.  The  dependence  of  the  integrated  backscatter  on  the 
zenith  angle,  normalized  to  unity  at  0  =  0.0. 


reflecting.  Using  B{t)  =  2  km"1,  »0=0.8-1,  d=74  /im, 
we  obtain /=  1.0.  That  the  value  of/  equals  unity  is 
completely  fortuitous.  However,  it  might  indicate 
that  the  crystals  in  the  cloud  were  mostly  well-formed 
hexagonal  crystals.  The  temperature  range  in  the 
cloud  was  from  about  —9  to  —  13°C,  a  range  in  which 
hexagonal  crystals  form,  but  without  dendritic  growth. 
Thus,  it  could  be  expected  that  many  of  the  crystals 
would  be  perfectly  formed.  Finally,  we  consider  Fig.  3. 
The  mean  backscatter  coefficient  is  7  km-1  and  for 
the  top  part  of  the  cloud  it  increases  to  16  km-1.  The 
mean  value  is  3.5  times  that  in  Fig.  2.  If  this  increase 
was  due  to  a  growth  in  crystal  size  then  both  signal 
and  noise  would  increase  by  3.5,  and  the  SN  would 
still  be  2.2.  In  fact  just  the  opposite  appears  to  have 
occurred  and  SN«7,  so  that  rt0!=s49.  However,  it  is 
also  possible  that  the  maximum  angle  of  flutter  was 
less  at  0954  than  it  had  been  at  0945.  This  would 
have  the  apparent  effect  of  increasing  both  n„  and 
SN.  The  flutter  angle  was  not  measured  at  the  time 
that  Fig.  4  was  obtained. 

In  summary,  we  can  estimate  the  cloud  properties 
of  Fig.  2  as  follows: 

Cloud-base  altitude      =2.4  km 

Cloud-top  altitude        =3.0  km 

Temperature  range       =  —9  to  —  13°C 

Number  density  =0.8  1~' 

Mean  crystal  diameter  =  74  ^m 

Average  backscatter  coefficient  =2  km-1 

Maximum  angle  of  departure  of  long  axis  of  crystal 
from  horizontal  =  0.5° 

Fraction  of  total  crystal  cross  section  which  is  specu- 
larly reflecting  ~1 

The  cloud  at  the  time  of  Fig.  3  (9  min  later)  would 
be  expected  to  have  the  same  properties,  except  that 
no  has  increased  to  ~8  trl. 


455 


1224 


JOURNAL    OF     APPLIED     METEOROLOGY 


Volume  17 


4.  Conclusion 

The  angular  properties  of  the  lidar  backscatter  from 
the  observed  cloud  prove  rather  conclusively  that  ice 
crystals  with  their  large  axes  oriented  in  the  horizontal 
were  being  observed.  These  properties  are  similar  to 
those  predicted  in  PI.  Although  the  calculations 
presented  here  are  necessarily  very  tentative,  they 
indicate  the  type  of  information  on  the  cloud  micro- 
structure  which  might  be  obtained.  By  tailoring  the 
lidar  geometry  (e.g.,  using  a  very  narrow  transmitting 
beam),  single  crystal  reflections  from  a  pulse  volume 
could  be  observed,  and  their  radii  could  be  deduced. 

Signal  "spikes"  were  first  noted  by  Schotland  et  al. 
(1971)  in  a  laboratory  experiment.  They  concluded 
also  that  the  signals  originated  from  reflections  off 
crystal  planar  surfaces.  Sassen  (1977)  subsequently 
demonstrated  that  the  crystal  diameters  calculated 
from  spike  signals  compared  favorably  with  the 
diameters  measured  directly.  Sassen  used  a  continuous 
laser  which  measured  the  spike  amplitudes  and  num- 
bers as  the  crystals  traveled  through  the  laser  beam. 
The  lidar  pulse  method  selects  a  volume  of  cloud  and 
measures  the  number  of  spikes  and  their  amplitudes 
at  one  single  time. 

The  large  backscatter  coefficients  of  Figs.  1-3  are 
further  evidence  that  specular  reflections  are  being 
observed.  The  calculated  value  of  y'(ir)  in  Fig.  3  was 
2.78,  which  is  much  greater  than  that  measured  for 
cirrus  clouds  (Piatt,  1973)  and  compares  with  the 
value  of  7.6  obtained  by  Piatt  (1977a)  from  an  alto- 
stratus  cloud  layer.  For  that  cloud  it  was  also  suspected 
that  the  layer  might  be  composed  of  horizontally 
oriented  crystals  as  the  depolarization  was  also  low 
but  no  scans  away  from  the  vertical  were  made. 


The  presence  of  preferred  orientation  in  ice  crystal 
clouds  has,  of  course,  been  known  for  many  years 
from  the  large  variety  of  optical  effects  obtained  when 
the  clouds  are  illuminated  by  the  sun.  However,  it  is 
apparent  that  lidar  measurements  can  give  more 
definitive  information  on  crystal  orientation  and  on 
the  cloud  microstructure. 
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ABSTRACT 

Some  unusual  lidar  returns  from  an  altostratus  cloud  are  interpreted  in  terms  of  reflections  from  hexag- 
onal ice  plates  falling  with  their  long  axes  aligned  in  the  horizontal.  Such  an  explanation  is  consistent  with 
the  observed  high  backscatter  coefficients  and  low  depolarization  ratios  and  also  with  the  temperature 
range  (—12  to  — 20°C)  of  the  cloud  layers,  as  well  as  the  known  fall  characteristics  of  naturally  occurring 
ice  platelets.  Backscatter  efficiencies  are  calculated  for  "perfect"  ice  platelets  when  illuminated  at  or  near 
an  axis  orthogonal  to  the  crystal  long  axis.  It  is  shown  that  very  high  backscatter  coefficients  can  poten- 
tially be  measured  from  a  cloud  of  ice  plates,  depending  on  the  fraction  of  crystals  which  are  "perfect," 
the  degree  to  which  the  plates'  long  axes  stay  horizontal,  and  the  angle  of  the  lidar  to  the  vertical. 

It  is  further  shown  that  reflection  from  a  single  crystal  gives  an  appreciable  signal-to-noise  ratio  at  the 
receiver  and  that  only  a  few  crystals  will  be  correctly  aligned  in  the  horizontal  in  a  typical  laser  pulse  volume, 
and  for  realistic  particle  number  densities. 


1.  Introduction 

Lidar  observations  made  on  an  altostratus  cloud  on 
9  August  1975  revealed  a  layered  structure  possessing 
variable  optical  properties  (Platt,  1977).  The  topmost 
layer  was  characterized  by  very  high  backscatter  co- 
efficients and  an  apparent  large  backscatter  to  extinc- 
tion ratio.  At  the  same  time,  the  measured  depolari- 
zation ratio  was  generally  in  the  range  from  0.03  to  0.05, 
except  near  the  bottom  of  the  layer.  Because  of  these 
characteristics,  the  cloud  layer  was  interpreted  as  com- 
posed of  small  droplets;  however,  it  was  pointed  out 
then  that  an  alternative  explanation  could  be  that  the 
strong  backscatter  and  low  depolarization  could  occur 
from  horizontally  oriented  hexagonal  ice  plates.  If  such 
an  explanation  were  true,  then  the  backscatter  charac- 
teristics would  give  a  means  of  identifying  the  cloud  as 
an  ice  cloud  in  a  certain  phase  of  development,  and 
could  be  used  for  such  identification.  Previous  work 
(Schotland  el  al,  1971 ;  Sassen,  1974;  Derr  el  al.,  1976) 
has  revealed  quite  a  wide  range  of  depolarization  ratios 
from  ice  clouds,  with  a  characteristic  value  of  about 
0.4  for  hexagonal  ice  columns  and  bullets,  and  high 
values,  often  greater  than  unity,  from  virga  at  the  base 
of  storm  clouds.  It  thus  seems  that  depolarization 
measurements  on  mixed  phase  clouds  may  give  infor- 
mation not  only  on  the  particle  phase  (Sassen,  1974), 
but  also  on  the  type  of  ice  crystal  and  its  evolution.  The 
suggestion  that  ice  plates  can  give  a  unique  lidar 
signature  is  explored  further  in  this  note. 


1  On   leave   from   CSIRO,    Division   of   Atmospheric   Physics, 
Aspendale,  Australia. 


2.  Growth   and   fall   characteristics   of  hexagonal 
ice  plates 

The  temperature  range  from  —8  to  —  25°C  is  one  in 
which  ice  crystals  grow  as  hexagonal  plates.  In  the 
range  from  —12  to  —  15°C  where  the  greatest  growth 
rate  occurs,  dendritic  plate  crystals  may  also  form 
(Mason,  1968),  although  these  require  a  water-satu- 
rated environment.  Initially,  a  plate  grows  in  three 
dimensions,  until  its  short  axis  is  about  50  /im.  At  this 
point,  the  long  axis  is  about  1200  /im  and  any  further 
growth  occurs  mainly  along  this  axis  (Ono,  1969).  When 
the  crystal  obtains  sufficient  fall  velocity,  the  ventila- 
tion around  the  crystal  will  favor  water  supersaturation 
near  the  edges  of  the  plates,  which  will  cause  dendritic 
growth.  According  to  Ono,  the  rate  of  dendritic  growth 
accelerates  rapidly  as  the  crystal  diameter  increases 
from  200  to  400  ^m.  If  plate  crystals  are  prtstut  in  a 
cloud  of  mixed  phase,  then  attachment  of  small  frozen 
drops  (riming)  will  occur  when  the  crystal  diameter  is 
greater  than  about  400  ^m.  In  Ono's  measurements 
in  natural  clouds,  the  size  distribution  of  plates  had  a 
rather  sharp  peak  in  the  200-400  /im  diameter  region. 
Crystals  with  diameters  less  than  100  /im  and  greater 
than  400  jum  were  rare. 

The  fallspced  of  plates  increases  with  increasing 
diameter,  but  for  diameters  >  100  /im,  the  fall  velocity 
is  independent  of  diameter  and  is  about  35  cm  s~' 
(Fletcher,  1962).  Jayaweera  and  Mason  (1965)  studied 
the  behavior  of  freely  falling  discs  and  columns  in  a 
viscous  fluid.  For  Reynolds  numbers  (Re  =  vd/v,  where 
i1  is  fall  velocity,  d  crystal  diameter  and  v  kinetic 
viscosity)  less  than  0.01  (very  small  crystals),  the  disc* 


0021-8952/78/0482-0488S05.00 

©  1978  American  Meteorological  Society 


457 


April  1978 


M  .     R  .     P  L  A  T  T 


483 


had  no  preferred  orientation.  For  0.01  Re<0.1  the 
discs  oriented  themselves  to  offer  maximum  resistance 
to  motion,  i.e.,  the  long  axis  horizontal.  They  remained 
oriented  and  fell  with  a  steady  motion  until  Re  ^50. 
At  this  point,  a  persistent  fluttering  occurred.  At  a 
temperature  of  —  20°C  and  pressure  of  ~330  mb,  Re 
varies  between  0.07  for  a  10  pm  diameter  crystal  to 
14  for  a  2000  nm  crystal.  Thus  most  plate  crystals  in 
the  atmosphere  should  fall  with  their  long  axes  hori- 
zontal. Strong  evidence  for  this  fall  characteristic  of 
plates  in  the  real  atmosphere  is  provided  by  Ono's  ob- 
servations of  the  riming  pattern  of  plate  crystals  (Ono, 
1969).  For  dendrites,  however,  some  oscillation  or  flut- 
ter apparently  occurred. 

3.  Backscatter  characteristics  of  ice  plates 

Generally,  the  crystal  dimension  for  the  long  axis  is 
much  greater  than  the  laser  wavelength  (0.69  /um  for 
ruby  laser).  In  that  case,  light  is  backseat tered  either 
as  a  specular  reflection  from  the  front  and  back  surfaces 
of  the  crystal  or  as  a  skew  reflection  and  refraction  in- 
volving the  front,  side  and  back  surfaces.  If  a  plate  is 
falling  with  its  long  axis  horizontal,  it  will  cause  only  a 
specular  reflection  to  a  vertically  pointing  lidar.  If  the 
lidar  is  pointing  away  from  the  vertical,  only  skew  rays 
backscattered  through  internal  reflections  will  be 
observed. 

Consider  a  parallel-sided  plate  illuminated  as  illus- 
trated in  Fig.  1.  As  ice  is  nearly  transparent  at  visible 
wavelengths,  then  light  will  be  reflected  from  the  front 
and  back  surfaces  in  nearly  equal  amounts.  As  the  re- 
flectance of  ice  is  small,  contributions  from  further 
internal  reflections  will  be  negligible.  Suppose  that  an 
amplitude  of  light  a  is  reflected  from  each  crystal  sur- 
face. If  the  surfaces  are  plane  parallel  and  the  ice  is 
homogeneous,  then  interference  between  the  beams 
from  the  two  surfaces  can  occur.  Thus  the  reflected 
amplitude  will  be  2a  cos(5/2)  where  5  =  2n7scc0/A  and 
t  is  the  crystal  thickness,  6  the  angle  of  incidence  and 
X  the  wavelength.  The  normal  reflected  intensity  /  will 
be 


7  =  4a2cos25/2. 


(1) 


Thus  the  reflected  intensity  will  go  through  maxima 
and  zero  as  t  or  9  change. 

It  is  not  clear  from  past  work  as  to  whether  ice  crystal 
plates  in  the  atmosphere  have  sufficiently  plane  parallel 
surfaces  or  are  sufficiently  homogeneous  to  give  inter- 
ference effects.  The  work  of  Sassen  (1977)  indicates 
that  interference  probably  does  not  occur.  In  that  case 
the  reflected  intensities  would  add  incoherently  from 
the  two  surfaces  to  give  a  total  intensity  of  2a2.  In  the 
analysis  that  follows,  this  latter  case  is  assumed. 

The  volume  sampled  by  a  lidar  pulse  typically  con- 
tains many  thousands  of  cloud  particles.  However,  in  a 
natural  cloud,  it  can  be  anticipated  that  horizontal- 
falling  ice  plates  will  possess  some  degree  of  "flutter" 


'//// 


HEXAGONAL 
PLATE  CRYSTAL 


Fig.  1.  Multiple  reflections  from  a  plate  crystal. 

about  the  horizontal,  caused  by  small-scale  turbulence, 
larger  scale  eddies,  wind  shear,  or  riming  and  dendritic 
growth  (Jayaweera  and  Mason,  1966).  In  this  case, 
only  those  crystals  correctly  oriented  in  the  horizontal 
will  give  specular  reflection  to  a  lidar  receiver,  and  it  is 
not  obvious  that  there  will  be  many  such  crystals. 
However,  we  consider  first  the  hypothetical  case  where 
the  transmitter  pulse  volume  does  contain  sufficient 
correctly  aligned  crystals  to  enable  us  to  define  an 
average  backscatter  efficiency  per  crystal,  and  to  aver- 
age out  interference  effects  if  they  are  indeed  occurring. 
We  shall  subsequently  calculate  the  probable  number 
of  correctly  aligned  crystals  in  a  typical  lidar  pulse 
volume  and  the  signal  from  each  such  crystal. 

The  lidar  backscatter  intensity  at  the  receiver  will 
depend  on  the  number  of  crystals  in  the  pulse  volume, 
the  crystal  diameters,  and  the  angles  of  departure  of 
the  crystal  long  axes  from  the  horizontal.  For  an  en- 
semble of  crystals  which  are  taking  up  every  possible 
angle  between  the  horizontal  and  some  maximum  angle 
of  displacement  S£,  only  those  crystals  which  are  normal 
to  the  incident  laser  beam  will  reflect  radiation  specu- 
larly back  to  the  receiver.  More  accurately,  those 
crystals  displaced  through  an  angle  <5^  from  the  hori- 
zontal will  reflect  back  to  the  receiver,  where  b\fs  is  half 
the  angle  subtended  by  the  receiver  aperture.  Now,  as 
5£  increases,  the  probability  of  a  crystal  being  favorably 
oriented  diminishes.  Without  an  exact  knowledge  of 
the  motion  of  the  crystal  long  axes  as  they  "flutter" 
about  a  horizontal  plane,  the  probability  of  favorable 
orientation  cannot  be  predicted  accurately.  However, 
if  the  angles  of  flutter  are  very  small,  the  crystals 
would  not  experience  any  great  rotational  accelerations, 
so  that  to  a  good  approximation  it  can  be  argued  that 
all  angles  of  the  crystal  long  axis  between  horizontal 
and  maximum  angle  of  flutter  are  equally  likely.  Fur- 
ther, it  is  assumed  that  the  planes  of  rotation  of  the 
crystals  arc  randomly  oriented  in  the  horizontal. 

Now  the  angle  through  which  the  long  axis  rotates 
during  one  complete  flutter  is  2S£,  so  that  radiation  is 
reflected  away  from  the  vertical  within  an  angle  of  45£. 
If  the  solid  angle  around  the  angle  45£  is  512,  then  for  a 
large  ensemble  of  crystals  within  the  transmitter  pulse 
volume  the  average  backscatter  cross  section  J  b  per 
unit  steradian  is  given  by 


/t  =  22L4/5fl, 


(2) 
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Fig.  2.  Schematic  of  transmitter  beam.  Crystal  (1):  maximum 
angle  of  flutter  i£  =  5f,  5f<60/2;  reflection  to  receiver  only  within 
cone,  solid  angle  6fi'.  Crystal  (2) :  maximum  angle  of  flutter 
*{  =  J5# ;  reflection  to  receiver  anywhere  in  cone  5*.  Crystal  (3) : 
maximum  angle  of  flutter  6J>  $50;  reflection  to  receiver  anywhere 
in  cone. 

where  A  is  the  cross-section  area  of  the  crystal  presented 
to  the  lidar  radiation  and  R  the  normal  reflectance  of 
the  crystal  surfaces.  As  it  is  assumed  that  radiation  is 
reflected  incoherently  from  the  back  and  front  surfaces, 
the  total  reflection  is  2R.  The  refractive  index  of  ice 
at  about  0.7  ^m  is  1.31  so  that  R  is  0.02. 

Referring  to  Fig.  2  we  distinguish  between  two  cases, 
depending  on  whether  the  angle  of  flutter  6£  is  greater 
or  less  than  50/2,  where  60  is  the  angle  defining  the 
transmitter  beam.  First,  let  5£^S0/2.  We  assume  that 
the  lidar  transmitter  and  receiver  axes  are  coaxial  and 
aligned  together  exactly  in  the  vertical.  (Typically,  60 
is  from  0.5  to  2  mrad  and  the  receiver  angle  hyp  is  set 
larger  than  60.)  Only  those  crystals  in  the  transmitter 
beam  which  lie  within  a  cone  of  angle  6£  (  =  5f,  say)  to 
the  vertical  will  be  capable  of  reflection  to  the  receiver. 
We  therefore  define  an  ejjeclive  cross  section 

Jb(e)  =  [2&4/6fl][6Q760], 

where  5Q'  is  the  solid  angle  containing  the  angle  6f, 
and  50  the  solid  angle  of  the  transmitter  beam.  Now  as 
6£  =  6f,  then  5fi'  =  jr6^  (for  small  angle  6£).  But  5Q 
=  4x5£2  =  45Q'sothat 


Jb(e)  =  2RA/46<l>. 
Also  since  60  =  tt502/4  (60«1), 

Jb(e)  =  2RA/vbP. 


(3) 


(4) 


The  backscatter  efficiency  q(ir)  can  be  defined  as  the 
backscatter  cross  section  per  steradian  divided  by  the 
geometrical  cross  section.  Thur 


The  extinction  efficiency  q,  is  defined  in  a  similar 
manner.  The  extinction  cross  section  J ',  of  the  crystals 
is  composed  of  2RA  for  reflection  (entirely  in  the  back 
direction)  and  ~^4  for  diffraction,  so  that  J,  =  A  (1  +  2R) 
and  q,  =  \-\-2R.  The  backscatter-to-extinction  ratio  k 
is  then  defined  as  iirq(r)/qt,  so  that 


*  =  8/?/502(l+2/J). 


(6) 


The  values  of  q{r)  and  k  are  seen  to  be  independent  of 
the  angle  of  flutter  5{. 

The  second  case  occurs  if  6{>60/2.  As  the  solid  angle 
5ft  in  Eq.  (2)  is  equal  to  4*-6£J,  then 


k  =  2R/h?(\+2R). 


(7) 


To  summarize,  if  the  flutter  5{  is  less  than  60/2,  then  k 
is  constant,  but  if  5£  becomes  greater  than  60/2,  k  de- 
creases as  6£2.  This  dependence  on  5£  is  shown  in  Fig.  3. 
which  shows  that  k  is  very  large  for  small  5£.  For  com- 
parison, the  value  of  k  is  0.65  for  a  model  water  cloud 
(Deirmendjian,  1964)  and  about  0.3  for  a  cirrus  ice 
cloud  (Piatt,  1973).  Clearly,  the  backscatter  enhance- 
ment from  near-horizon  tally  aligned  plates  is  potentially 
very  large. 

The  above  treatment  predicts  the  average  backscatter 
characteristics  for  a  large  number  of  randomly  oriented 
crystals.  It  is  obviously  important  to  determine  how 
many  of  such  crystals  are  favorably  aligned  for  reflec- 
tion to  the  receiver  in  a  typical  transmitter  volume  and 
in  a  cloud  containing  a  realistic  number  of  plate  crystals. 
The  number  will  depend  on  the  transmitter  beam  angle 
50  and  the  depth  of  cloud  /  which  is  illuminated. 
The  illuminated  volume  V  is  given  by 


V  =  vzWl/4, 


(8) 


MAXIMUM   ANGLE 


FLUTTER  DEGREES 


9(x)  =  2i?/V502[sr-1]. 


(5) 


Fig.  3.  Dependence  of  average  backscatter  to  extinction  ratio 
k  per  crystal  on  angle  of  flutter  5{  for  a  laser  pulse  volume  contain- 
ing many  aligned  crystals. 
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where  z  is  the  range  (altitude).  When  6£  < 50/2  then 
the  probability  P(5^)  of  correct  alignment  is  given  by 


P(6£)  =  iyt/4z2bd1, 


(9) 


where  D  is  the  receiver  diameter.  The  number  of  aligned 
crystals  na  in  the  volume  V  is  thus  given  by 

na  =  n0Vl>(60=irHolD'i/\6,  (10) 

where  »o  is  the  number  of  crystals  per  unit  volume. 
If  5£>  56/2,  then 


na  =  nJD2(58/85ty. 


(11) 


The  number  of  ice  crystals  in  clouds  in  the  temperature 
ranie  from  —12  to  —  20°C  ranges  from  about  1  to 
lOu  l-»  (Mossop,  1968;  Heymsfield,  1977).  The  pre- 
dicted number  na  of  aligned  crystals  from  Eq.  (11)  is 
shown  in  Table  1  for  different  values  of  6£  and  n0  =  10 l-1, 
D  =  0.3  m,  1  =  5  m  (pulse  length  of  20  ns),  60  =  0.002  rad. 
The  factor  /  gives  the  proportion  of  crystals  in  the  cloud 
which  have  "perfect"  surfaces  (see  Section  5).  It  is 
apparent  that  for  any  angle  of  flutter  greater  than  about 
1°,  the  probable  number  of  crystals  which  are  aligned 
correctly  becomes  less  than  unity. 

Thus,  for  cases  of  low  number  density  and  where  only 
small  height  increments  in  a  cloud  are  being  examined, 
the  former  treatment  of  obtaining  an  average  back- 
scatter  efficiency  may  not  be  valid.  Even  for  a  homo- 
geneous cloud,  the  backscatter  could  fluctuate  con- 
siderably from  one  pulse  volume  to  the  next.  It  is  thus 
pertinent  to  ask  whether  the  reflection  from  a  single 
"perfect"  crystal  in  the  pulse  volume  would  give  suffi- 
cient photons  at  the  receiver  to  be  detected  with  a  good 
signal-to-noise  ratio. 

If  Po  is  the  laser  power,  then  the  power  Pt  incident 
on  a  crystal  of  area  A  at  range  z  is  given  by 


Pi  =  Pvi/*b4>, 


(12) 


where  50  is  the  solid  angle  of  the  transmitter  beam.  As 
the  angle  subtended  by  a  crystal  surface  at  a  given 
range  from  the  transmitter  is  much  less  than  the  angle 
subtended  by  the  receiver  aperture  at  the  same  range, 
all  the  radiation  which  is  reflected  back  by  a  favorably 


Table  1.  Number  of  crystals  na  oriented  to  give  a  reflection 
at  the  lidar  receiver.  Lidar  pulse  length  =  20  ns,  6f  =  angle  of 
flutter,  /=  fraction  of  "perfect"  crystals. 


«£ 

/ 

(deg) 

0.2 

0.4 

0.6 

0.8 

1.0 

0.1 

34.81 

69.61 

104.42 

139.23 

174.04 

0.5 

1.39 

2.78 

4.18 

5.57 

6.96 

1 

0.35 

0.70 

1.04 

1.39 

1.74 

2 

0.087 

0.17 

0.26 

0.35 

0.43 

4 

0.022 

0.044 

0.065 

0.087 

0.11 

6 

0.0097 

0.019 

0.029 

0.039 

0.048 

8 

0.0054 

0.011 

0.016 

0.022 

0.072 

10 

0.0035 

0.0070 

0.010 

0.014 

0.017 
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Fig.  4.  Number  of  photons  received  from  a  single  crystal  reflection 
for  various  ranges  versus  crystal  diameter. 


aligned  planar  crystal  will  enter  the  receiver.  Thus  the 
power  Pr  returned  at  the  receiver  will  be  simply  equal 
to  IRPi  or 


PR  =  0.04P0A/z28<j>, 


(13) 


where  the  reflectance  at  the  crystal  is  2R. 

The  number  of  photons  Hr  returned  within  the  pulse 
time  t  is 


Hr  =  GPrT, 


(14) 


where  G  is  the  ratio  of  photon  number  n«  to  energy  at 
the  lidar  wavelength.  The  number  of  electron  pulses 
counted  at  the  output  of  the  receiver  photomultiplier  is 

ni  =  qtnR,  (15) 

where  q  is  the  photomultiplier  quantum  efficiency  and 
t  the  optical  efficiency. 

Fig.  4  shows  n,  for  different  ranges  and  crystal 
diameters.  Clearly,  the  signal  recorded  from  a  single 
crystal  is  quite  large.  The  signal  to  noise  ratio  for  each 
pulse  is  equal  to  n,*.  The  signal  from  a  cloud  of  some 
depth,  containing  many  lidar  pulse  lengths,  will  thus 
tend  to  fluctuate  with  range,  the  individual  crystal 
pulses  being  dependent  on  the  crystal  size.  If  the  inter- 
ference effect  given  by  (1)  does  occur  it  introduces  an 
additional  variable  into  the  single  crystal  reflection 
amplitude. 

4.  Depolarization  characteristics  of  ice  plates 

Liou  and  Lahore  (1974)  have  studied  theoretically 
the  depolarization  from  hexagonal  platelets.  For  normal 
reflection  on  the  surface  parallel  to  the  long  axis,  the 
depolarization  is  predicted  to  be  zero.  As  radiation 
returns  to  the  receiver  only  via  a  normal  reflection,  the 
depolarization  ratio  for  horizontal,  or  near  horizontal, 
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Fig.  5.  Dependence  of  B(»r)ii  and  A  on  angle  of  flutter  5£  and 
factor  /  (see  text). 


platelets  will  be  zero.  Only  if  fluttering  causes  large 
departures  of  the  crystal  surfaces  from  the  horizontal 
will  reflections  from  skew  rays  start  to  give  appreciable 
depolarization  (and  backscatter). 

5.  Model  of  lidar  backscatter  from  natural  clouds 
containing  ice  plates 

Even  if  optimum  conditions  exist  for  hexagonal  plate 
growth,  there  is  unlikely  to  be  a  complete  population 
of  perfect  plates  in  a  natural  cloud.  Dendritic  growth, 
riming  and  shattering  can  cause  the  scattering  in  the 
back  direction  to  be  partly  non-specular.  Thus  lidar 
backscatter  will  be  determined  by  both  the  quality  of 
the  crystals  and  their  orientations.  On  the  other  hand, 
for  small  departures  from  the  horizontal,  the  depolari- 
zation will  be  affected  by  the  crystal  quality  only. 

To  illustrate  these  effects,  we  consider  a  simple  model. 
This  assumes  that  1)  a  fraction  (1  —  /)  of  the  crystals 
are  "imperfect,"  i.e.,  they  exhibit  isotropic  scattering 
and  a  depolarization  ratio  of  unity  (the  value  of  k  in 
each  polarization  is  then  0.25) ;  and  2)  a  fraction  /of  the 
crystals  have  perfect  crystal  faces,  giving  a  depolariza- 
tion ratio  of  zero.  The  crystals  are  assumed  to  have  a 
circular  cross  section  of  diameter  </.  We  consider  the 
case  when  B(tr)n  is  integrated  sufficiently  in  height  to 
smooth  any  fluctuations  to  give  a  mean  B(ir)t\.  The 
backscatter  coefficients  for  the  two  polarizations  are 
then  given  by 

B(ir)u  =  {n«qtinP/±)[2fR/he{\  +  2R) 

+0.25(1-/)],     (16) 


B  Wx=  (no9.^/4)[0.25(l-/)], 


where  qe  is  the  extinction  efficiency  (  =  1.04=1).  Also, 
A  =  ZK*)i/(flir)...  (18) 

The  dependence  of  B(ir)n  and  A  on  /  and  5£  for  one 
value  of  iiq  and  d  is  shown  in  Fig.  5.  As  /  increases, 
more  crystals  are  available  for  reflection  and  B{ir)n  in- 
creases. At  the  same  time,  the  depolarized  component 
decreases.  The  model  forces  the  depolarization  ratio  to 
zero  when  /=1,  which  may  not  be  exactly  correct  for 
real  hexagonal  crystals.  It  implies  that  A  will  be  ex- 
tremely small  if  5£  =  0.1°,  even  if  /  is  small.  At  the 
other  extreme,  A  is  forced  to  unity  when  /=0.  Again, 
this  may  not  be  correct  in  clouds  of  "imperfect" 
crystals,  where  A  may  be  less  than  unity,  as  in  the 
case  for  cirrus  clouds.  However,  the  model  does  illus- 
trate that  A  could  rapidly  become  small  with  the 
appearance  of  horizontal  plate  crystals,  even  if  they 
comprise  only  a  small  fraction  of  the  total  crystal  popu- 
lation. The  model  also  gives  a  "sensible"  value  of 
B(ir)\  i  (~2  km-1)  for  the  case  when  /=0,  although  of 
course  B(ir)n  is  dependent  on  both  «o  and  the  crystal 
diameter. 

6.  Comparison  with  observations 

Several  laboratory  studies  have  been  made  which  are 
relevant  to  the  present  topic.  In  these  studies,  depolari- 
zation in  backscattering  from  ice  crystals  formed  in  a 
cold  chamber  was  measured  with  continuous  He-Ne 
lasers.  Schotland  et  al.  (1971)  observed  intensity  spikes 
in  the  amplitude  of  the  backscatter,  which  repeated 
over  short  periods  of  time.  These  spikes  were  observed 
mainly  in  the  parallel  polarization  return;  the  spikes 
were  interpreted  as  being  specular  reflections  from  the 
faces  of  the  crystals  and,  qualitatively,  they  exhibited 
low  depolarization.  A  further  investigation  by  Sassen 
(1974)  confirmed  these  results  and  he  established  that 
most  backscatter  from  platelets  was  due  to  specular 
reflections  from  the  crystal  surfaces,  and  depolarization 
in  the  spike  events  was  no  more  than  a  few  percent. 
Liou  and  Lahore  performed  a  similar  experiment.  Al- 
though spiking  events  were  not  so  obvious,  they  were 
observing  crystals  in  the  horizontal  plane,  so  that  spik- 
ing would  be  mainly  absent  for  horizontally  aligned 
crystals. 

A  vertical  lidar  return  from  the  altostratus  cloud 
observed  by  Piatt  (1977)  is  shown  in  Fig.  6.  The  value 
of  depolarization  ratio  A  from  4.2  to  4.6  km  altitude 
was  ~0.4,  which  is  the  figure  often  observed  in  cirrus 
clouds  of  columnar  crystals.  The  maximum  observed 
backscatter  coefficient  of  1  km-1  is  also  rather  typical 
of  cirrus.  Above  4.6  km,  there  is  an  increase  of  about  a 
factor  of  5-10  in  backscatter  coefficient,  whereas  the 
depolarization  ratio  falls  gradually  to  about  0.04.  The 
backscatter  figures  are  affected  by  attenuation  of  the 
laser  pulse  by  the  lower  ice  layer,  predicted  to  be  at 
least  0.5  (Piatt,  1977).  Thus  the  maximum  values  of 
B(ir)i,  are  at  least  12  km-1  and  the  integrated  back- 
(17)      scatter  is  about  6  which  is  much  higher  than  the  typical 
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Fig.  6.  Profile  of  J3(t)m  and  A  obtained  from  an  altostratus  cloud  with  a  vertical 
pointing  calibrated  lidar  on  9  August  1975  (Piatt,  1977). 


value  of  ~0.4  measured  in  cirrus.  The  above  charac- 
teristics are  consistent  with  the  backscatter  from  this 
layer  being  caused,  at  least  partially,  by  reflections  from 
ice  crystal  plates.  The  air  temperatures  in  the  layer  are 
also  optimum  for  growth  of  ice  plates.  The  behavior  of 
B(jt)m  and  A  at  the  bottom  of  the  layer  is  consistent, 
at  least  qualitatively,  with  the  decrease  of  available 
plate  surfaces  and  a  growth  of  irregular  crystals.  From 
Fig.  5,  a  change  in  A  from  0.04  to  0.4  corresponds,  for 
5£  =  2  for  instance,  to  a  change  in  B(ir)u  from  40  to 
about  6  km-1.  By  postulating  that  the  crystal  density 
is  25  1_1,  then  B{ir)n  changes  from  10  to  1.5  km-1, 
which  is  in  rough  agreement  with  Fig.  5  when  attenua- 
tion by  the  lower  layer  is  included.  The  corresponding 
number  of  aligned  crystals  in  each  pulse  volume  for 
B(ir),,  =  10  km"1  (/=0.16,  S£  =  2.0,  r,0  =  25  \rl)  is  about 
0.22.  However,  in  the  lidar  experiment  the  height 
intervals  were  integrated  over  100  ns,  so  that  the 
average  number  n  in  ~15  m  is  predicted  to  be  1.1. 
The  signal-to-noise  ratio  of  'fluctuations  in  the  cloud 
profile  would  be  ~h*«1.  Fluctuations  with  range  do 
occur  in  the  values  of  B(ir),,  in  Fig.  6  and  these  are 
also  evident  in  earlier  profiles  (Piatt,  1977),  but  they 
would  indicate  a  signal-to-noise  ratio  of  about  3,  or  9 
crystals  per  15  meters.  An  unknown  in  the  calculation 
of  n  is  whether  the  crystal  population  is  composed  of 
fully  "perfect"  and  "imperfect"  crystals  as  implied  in 
Table  1,  or  whether  each  crystal  is  "perfect"  with  a 
proportion  (1  —  /)  of  imperfect  area.  In  the  latter  case, 
/  is  effectively  unity  in  Table  1,  and  for  the  above 
example,  the  number  of  particles  in  each  volume  will 
be  ~5  per  15  meters. 

The  above  discussion  shows  qualitative  agreement 
between  Fig.  6  and  theory,  but  the  angle  5£  was  not 


known  so  it  is  hard  to  carry  the  comparison  any  further. 
This  angle  could  be  measured  by  scanning  the  lidar 
away  from  the  vertical  and  noting  any  dramatic  de- 
crease in  backscatter. 

7.  Conclusions 

The  calculations  in  this  article  have  shown  that  large 
backscatter  is  possible  from  horizontally  oriented  ice 
crystals  using  a  vertical  pointing  lidar.  They  also  give 
the  important  result  that  the  depolarization  ratio  from 
an  ice  cloud  may  be  only  a  few  percent.  Thus  low  de- 
polarization ratios  from  middle  level  clouds  must  be 
treated  with  caution. 

Values  of  B(ir)n  and  A  measured  in  an  altostratus 
cloud  layer  agree  qualitatively  with  a  simple  model  in 
which  the  crystal  population  is  composed  of  a  fraction 
/  of  perfect  crystal  faces  and  a  fraction  (1  —  /)  of  im- 
perfect faces.  It  has  also  been  shown  that  only  a  few 
crystals  in  each  laser  pulse  volume  are  needed  to  give 
a  large  signal  at  a  receiver.  Calculations  using  realistic 
crystal  numbers  measured  in  actual  clouds  indicate 
that  the  signal  could  fluctuate  considerably  from  one 
pulse  volume  to  the  next,  even  for  a  homogeneous  cloud. 
Such  fluctuations  were  observed  in  the  altostratus 
cloud. 

Given  a  reasonably  horizontal  homogeneous  cloud 
layer,  information  on  the  nature  of  the  crystal  popu- 
lation, the  presence  of  horizontal  ice  crystals  and  their 
maximum  flutter  could  be  obtained  by  scanning  a  lidar 
away  from  the  vertical.  Information  could  then  be 
obtained  on  crystal  numbers  and  even  size,  although 
the  latter  would  be  complicated  by  the  predicted  inter- 
ference effect.  Also,  determination  of  the  crystal  number 
would  require  direct  sampling  of  crystals  to  determine 
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the  degree  of  riming,  dendritic  growth  and  shattering. 
Finally,  it  should  be  pointed  out  that  if  crystals  are 
falling  with  their  long  axes  very  close  to  the  horizontal 
then  a  lidar  must  be  aligned  very  accurately  in  the 
vertical  before  reflections  from  crystal  surfaces  will  be 
observed. 
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AEROSOL  CHARACTERIZATION  AT  COLSTRIP,  MONTANA 
SPRING  AND  FALL,  1975 


N.  L.  Abshire,  V.  E.  Derr,  G.  M.  Lerfald,  G.  T.  McNice, 
R.  F.  Pueschel  and  C.  C.  Van  Valin 


Aerosols  in  the  Colstrip,  Montana,  atmosphere  have  been  monitored  prior 
to  operation  of  a  large  coal-fired  power  plant  to  establish  a  baseline  for 
future  studies.  This  project  is  a  part  of  EPA's  Montana  Coal-Fired  Power 
Program.  Observations  showed  total  particle  counts  corresponding  to  a  clean 
rural  atmosphere,  with  typical  Aitken  nuclei  counts  of  1500  cm"3  near  the 
surface  and  decreasing  to  less  than  500  cm  3  a  few  hundred  meters  above  the 
surface,  but  occasionally  rising  to  more  than  5000  cm~a .  The  ice  nuclei 
count  was  twice  as  high  as  expected  for  this  type  of  environment,  and  was 
apparently  correlated  with  the  rather  high  incidence  of  heavy  metals  found 
in  aerosols  collected  on  membrane  filters.  Calculations  of  the  optical  pro- 
perties from  these  samples  predict  a  slight  cooling  effect  at  the  surface 
except  when  the  ground  is  snow  covered,  when  a  slight  warming  can  be  expected, 
Airborne  measurements  of  blackbody  temperature  under  stable  nighttime  con- 
ditions showed  no  variation  with  altitude,  indicating  the  aerosols  are  pre- 
sently generating  little  if  any  effect  on  surface  temperatures. 

Acoustic  sounder  records  show  numerous  occasions  of  temperature  inver- 
sions higher  than  the  150  meter  stacks,  with  some  extending  as  high  as 
1000  meters  and  persisting  all  day. 

Optical  turbidity  measured  in  the  Fall  was  consistent  with  values  ob- 
tained in  other  rural  environments  in  the  high  plains,  averaging  about  .07. 

Preliminary  results  from  the  dual  polarization  lidar  indicates  that 
this  will  be  a  useful  method  for  discriminating  between  dust  and  power  plant 
effluent. 
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ABSTRACT 

The  Wave  Propagation  Laboratory  (WPL)  dual-Doppler  radar  system  has  been  used  in  METROMEX 
to  study  the  effect  of  a  large  urban  area  (St.  Louis)  on  air  motions  within  the  planetary  mixing  layer 
during  clear  conditions.  It  was  demonstrated  that  aircraft-dispensed  chaff  could  be  used  to  trace  the 
air  motion  over  a  several  hundred  square  kilometer  area  and  through  the  entire  depth  of  the  developed 
mixing  layer.  Data  from  two  days  having  similar  temperature  and  wind  profiles  have  been  selected  for 
discussion.  Both  data  sets  suggest  the  presence  of  horizontal  roll  vortices  existing  throughout  the  duration 
of  the  observations  (20-70  min)  and  beyond  the  extent  of  the  chaff  cloud  (8-12  km).  A  comparison  with 
the  temperature  field  reveals  that  a  line  of  convergence  (~10-3  s-1)  300  m  above  the  surface  was  found  to 
coincide  with  a  thermal  ridge  of  about  0.2°C  measured  by  instruments  on  the  University  of  Wyoming 
aircraft.  Differences  in  the  apparent  roll  structures  on  these  two  days  may  be  explained  in  terms  of  the 
cross-roll  shear  and  buoyancy  resulting  from  the  elongated  urban  heat  island.  Also,  a  persistent  localized 
region  of  relatively  high  convergence  was  observed  on  the  convergence  line  several  kilometers  downwind 
from  an  area  of  concentrated  industrial  activity  at  Granite  City. 


1.  Introduction 

The  general  objective  of  the  Wave  Propagation 
Laboratory  (WPL)  in  METROMEX  (Metropolitan 
Meteorological  Experiment)  is  to  study  the  nature  of 
the  perturbation  wind  field  within  the  urban  convective 
mixing  layer  during  clear  conditions.  The  observational 
effort  was  concentrated  during  the  mid-afternoon  hours 
since  it  was  found  that  convective  motions  were  neces- 
sary for  the  echo-producing  chaff  to  be  dispersed 
throughout  the  mixing  layer  from  the  surface  to  several 
kilometers  in  height.  Specific  questions  that  may  even- 
tually be  resolved  by  these  measurements  are  the 
following :  1)  How  is  the  perturbation  wind  field  related 
to  profiles  of  mean  wind  and  temperature?  2)  How 
significant  is  the  heat  island  or  increased  surface  rough- 
ness on  the  urban  wind  field?  3)  Are  there  frequently 
occurring,  persistent  wind  patterns  over  a  large  metro- 
politan area?  4)  Can  such  patterns  explain  the  down- 
wind precipitation  anomaly  that  has  been  documented 
by  other  METROMEX  participants  (Semonin  and 
Changnon,  1974)?  Answers  to  such  questions  will  im- 
pact on  strategies  to  improve  air  quality  in  large 
metropolitan  areas  and  may  shed  light  on  the  extent  to 
which  large  cities  inadvertently  modify  the  local 
climate. 

2.  Method  of  data  collection  and  analysis 

The  two  X-band  Doppler  radars  used  in  these  clear 
air  observations  have  been  used  in  a  similar  fashion  to 
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observe  air  motions  in  severe  storms  (Kropfli  and 
Miller,  1976).  Details  of  the  coplane  method  of  gener- 
ating wind  fields  from  radial  velocities  measured  by 
two  Doppler  radars  were  first  discussed  by  Lhermitte 
and  Miller  (1970)  and  a  comprehensive  error  analysis 
has  been  performed  by  Miller  and  Strauch  (1974).  Only 
the  essentials  will  be  mentioned  here.  The  two  radars 
are  set  to  scan  synchronously  through  a  common  tilted 
plane  passing  through  the  echo  and  the  radar  baseline. 
After  completion  of  a  scan,  the  tilt  angle  is  incremented 
and  a  similar  scan  is  performed.  The  process  is  repeated 
until  the  entire  echo  volume  is  observed.  The  duration 
of  such  a  volume  scan  in  this  experiment  was  about  1 
min,  which  is  small  compared  with  time  scales  im- 
portant in  kilometer-deep  convection. 

Processing  of  these  data  to  generate  the  three-di- 
mensional wind  fields  involved  the  following  steps: 
1)  computation  of  mean  radial  velocity  estimates  for 
each  radar  by  a  pulse-pair  method  (Rumler,  1968),  2) 
editing  of  these  pulse-pair  velocities  to  eliminate  noise- 
contaminated  estimates,  3)  interpolation  to  a  common 
grid  so  that  the  radial  velocities  could  be  vectorially 
combined  to  yield  two-dimensional  velocity  and  di- 
vergence fields  within  each  tilted  plane,  4)  integration 
of  the  anelastic  continuity  equation  in  cylindrical 
coordinates  to  yield  the  velocity  component  normal  to 
each  plane,  and  5)  transformation  to  a  Cartesian  coordi- 
nate system  so  that  the  final  wind  field  could  be  dis- 
played and  interpreted.  The  integration  is  performed 
with  the  usual  boundary  condition  w  =  0  at  the  surface. 
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Since  the  X-band  radars  used  in  these  observations 
are  not  sensitive  to  echoes  from  the  clear  atmosphere 
(with  the  exception  of  occasional  echoes  from  insects 
at  close  range),  it  was  necessary  to  fill  the  volume  of 
interest  with  X-band  chaff.  This  was  routinely  accom- 
plished by  continuously  releasing  chaff  from  a  small 
aircraft  flying  repeated  15  km  across- wind  runs  at  500  m 
above  ground  level  (AGL).  (All  heights  will  be  given 
as  AGL.)  The  duration  of  such  releases  was  typically 
1  h.  Convective  motions  usually  distributed  the  chaff 
throughout  the  boundary  layer  within  30  min.  The 
radar  observations  were  usually  begun  at  this  time 
and  were  continued  until  the  echoes  became  too  weak 
to  observe.  Chaff  densities  achieved  by  this  method 
were  about  104  km-3  or  about  one  chaff  needle  per  50  m 
cube.  Echoes  from  such  chaff  clouds  usually  resulted  in 
signal- to- noise  ratios  of  0  to  10  dB  at  ranges  of  15  to 
40  km.  Although  it  is  desirable  to  have  even  stronger 
signals,  these  echoes  were  adequate  to  yield  accurate 
estimates  of  velocity.  The  pulse  repetition  period  used 
in  these  measurements  varied  from  350  to  500  /xs  corre- 
sponding to  Nyquist  velocities  from  23  to  16  m  s-1. 

To  increase  the  accuracy  to  the  fullest  possible  extent 
and  also  to  display  the  persistent  wind  field  patterns, 
the  three-dimensional  velocity  estimates  at  each  grid 
point  were  averaged  over  many  volume  scans.  All  data 
presented  below  have  been  averaged  in  this  way  and 
represent  the  wind  field  average  over  20-60  min. 
Small-scale  nonpersistent  features  are  therefore  re- 
moved by  this  process.  This  averaging  procedure  also 
allowed  a  direct  computation  of  the  uncertainty  in  the 
average  wind  field  from  the  variance  of  the  velocity 
estimates  at  each  point.  The  resulting  uncertainties 
(standard  deviations)  in  the  horizontal  and  vertical 
velocities  in  the  averaged  flow  patterns  that  follow 
were  found  to  be  15  and  10  cm  sr1,  respectively.  These 
numbers,  of  course,  include  measurement  uncertainties 
as  well  as  actual  short-term  wind  fluctuations.  Although 
it  is  not  possible  to  separate  these  two  contributions 
to  the  standard  deviation  with  accuracy,  one  can  esti- 
mate the  expected  variance  of  the  mean  velocity 
estimate  as  given  by  Zrnic  (1977).  The  difference  be- 
tween the  measured  variance  and  the  computed  vari- 
ance must  be  attributed  to  kilometer-scale  wind 
fluctuations  during  the  averaging  time. 

If  one  uses  a  500  its  pulse  period  as  we  did,  an  esti- 
mated Doppler  spectral  width  of  0.5  m  s~l,  and  a  0  dB 
signal-to-noise  ratio,  Zrnic's  results  suggest  a  standard 
deviation  of  the  mean  radial  velocity  estimate  of  0.31 
m  s_1.  Since  the  400  m  radar  sampling  resolution 
allowed  10  radar  pulse  volumes  to  be  effectively 
averaged  in  the  coplane  processing,  this  standard  devia- 
tion was  reduced  by  10*  so  that  the  individual  volume 
scans  contained  radial  velocities  with  standard  devia- 
tions of  about  0.1  m  s~l.  This  value  for  the  standard 
deviations  of  the  radial  velocity  estimate  along  with 
the  contours  of  normalized  variance  for  coplane  particle 
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Fig.  1.  St.  Louis  metropolitan  area  with  superimposed  6 
countours  (K)  at  300  m  AGL  derived  from  University  of  Wyoming 
aircraft  data  at  ~1430  CDT  28  July  1975.  Solid  square  indicates 
region  within  which  chaff  drops  were  made  and  is  the  region 
displayed  in  Figs.  3  and  5. 


velocity  components  (Fig.  6  of  Miller  and  Strauch, 
1974)  yields  errors  in  the  orthogonal  horizontal  velocity 
components  of  about  0.08  m  s_1.  Since  this  value  is  four 
or  five  times  smaller  than  that  computed  from  the  15 
or  17  volume  scans  used  in  obtaining  the  averaged 
results,  we  conclude  that  most  of  the  measured  variance 
is  due  to  kilometer-scale  wind  fluctuations  over  the 
duration  of  the  measurements. 

3.  Analysis  of  28  July  1775  wind  field 

The  St.  Louis  metropolitan  area  and  the  region  ex- 
tensively probed  by  the  Doppler  radars  are  shown  in 
Fig.  1.  Superimposed  on  this  map  is  the  field  of  poten- 
tial temperature  at  300  m  for  28  July  1975.  These 
temperature  measurements  were  obtained  by  the 
University  of  Wyoming  aircraft  and  they  will  be  related 
to  the  boundary  layer  wind  field.1  Note  that  the  solid 
block  in  this  figure  is  the  area  displayed  in  Figs.  3  and  6. 
The  upstream  temperature  profile,  also  from  the 
Wyoming  aircraft,  is  shown  in  Fig.  2  and  indicates  that 
the  base  of  the  capping  inversion  was  at  1.6  km  AGL. 

The  total  wind  field  near  the  mid-point  of  the  con- 
vectively  mixed  layer  on  28  July  is  shown  in  Fig.  3a. 
This  wind  field  represents  an  average  of  17  volume 
scans  taken  during  a  70  min  period.  Except  for  Fig.  4, 
all  other  wind  fields  presented  for  this  date  also  repre- 
sent such  long-term  averages.  It  is  apparent  that  the 
mean  wind  is  from  20°  at  4  m  s_1.  The  chaff-dispensing 
aircraft  had  been  flying  a  pattern  across  the  north- 
eastern edge  of  the  wind  field  from  a  point  on  the 


1  These  data  were  taken  from  the  University  of  Wyoming  M.  S. 
thesis  by  K.  K.  Wong  entitled  "Urban  perturbations  on  the 
mixing  layer  airflow  in  St.  Louis." 
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Fig.  2.  Upstream  temperature  profile  at  1615  CDT  28  July  1975  (dot-dashed) 
and  at  1615  CDT  4  August  1975  (dashed).  Capping  inversions  are  at  1.55  and 
1.30  km,  respectively. 


northern  tip  of  St.  Louis  to  just  northeast  of  East 
St.  Louis  on  this  day.  Note  that  an  area  of  ~250  km2 
was  filled  with  chaff  to  the-  extent  that  reliable  wind 
measurements  were  possible. 

The  mean  velocity  of  the  entire  chaff  cloud  was  re- 
moved from  the  data  and  the  resulting  perturbation 
wind  field  is  shown  in  Figs.  3b,  3c  and  3d  at  elevations 
of  0.3,  0.8  and  1.3  km,  respectively.  Immediately 
apparent  in  Fig.  3b  is  a  12  km  line  of  convergence  at 
300  m  extending  about  10°  to  the  right  of  the  mean  wind 
direction  at  this  level.  Adjacent  to  this  line  of  con- 
vergence is  a  line  of  divergence  3-4  km  to  the  northwest 
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Fig.  3a.  Total  wind  field  at  0.8  km  AGL  on  28  July  1975. 
Winds  arc  obtained  from  an  average  of  17  volume  scans  taken 
during  a  70  min  period  ending  at  1557  CDT.  The  Gateway  Arch 
is  indicated  by  the  dot  just  to  the  west  of  the  Mississippi  River 
at  the  location  X  =,  22.6,  ¥  =  8.5. 


and  a  less  obvious  region  of  divergence  to  the  southwest. 
There  is  also  a  localized  area  of  enhanced  convergence 
which  did  not  move  with  the  mean  wind  on  the  north- 
eastern end  of  the  convergence  line.  This  1.5  km 
diameter  region  had  a  convergence  of  1.4X10-3  s_1  in 
contrast  to  values  of  about  half  this  amount  farther 
downstream  along  the  convergence  line. 

It  appears  that  this  convergence  pattern  is  the  result 
of  heat  sources  within  the  heavily  industrialized  area 
around  Granite  City  and  the  central  business  district 
to  the  southwest.  There  is  reasonable  consistency  be- 
tween the  convergence  line,  shown  as  a  heavy  dashed 
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Fig.  3b.  Eddy  wind  field  at  0.3  km  AGL.  Winds  are  obtained 
from  an  average  of  17  volume  scans  taken  during  a  70  min  period 
ending  at  1557  CDT.  The  mean  wind  over  the  entire  chaff  cloud 
has  been  subtracted  from  these  data. 
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Fig.  3c.  As  in  Fig.  3b  except  at  0.8  km  AGL. 


Fig.  4.  Eddy  wind  at  0.3  km  AGL.  Winds  are  obtained  for  an 
average  of  2  volume  scans  taken  during  a  2  min  period  centered 
at  1526  CDT. 


line  in  Fig.  1,  and  the  thermal  ridge  also  shown  in  the 
figure.  The  thermal  pattern  at  300  m  indicates  a  0.2° 
contrast  between  the  region  of  convergence  and  neigh- 
boring regions  of  divergence  to  either  side. 

Near  the  mixing  layer  mid-point  at  800  m,  the  per- 
turbation wind  field  appears  as  shown  in  Fig.  3c. 
Although  other  cases  we  have  analyzed  indicate  the 
eddy  pattern  is  usually  not  as  well  organized  at  this 
level,  it  is  seen  that  the  convergence  line  is  still  visible, 
though  somewhat  weaker  and  not  as  localized. 

The  eddy  pattern  near  the  top  of  the  mixing  layer 
at  1300  m  is  shown  in  Fig.  3d.  Note  the  eddy  flow 
reversal  from  lower  levels  over  East  St.  Louis.  Diver- 
gence observed  just  south  of  Granite  City  and  to  a 
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lesser  extent  to  the  southwest  is  necessary  if  the 
vertical  velocity  component  is  to  be  reduced  to  zero 
near  the  top  of  the  mixing  layer.  The  upstream  tem- 
perature profile  obtained  from  the  University  of  Wyo- 
ming aircraft  indicated  that  a  capping  inversion  existed 
at  1.6  km,  just  300  m  above  this  level.  Chaff  was  ob- 
served to  be  carried  to  near  the  2  km  level  over  East 
St.  Louis,  which  indicates  a  strong  distortion  of  the 
capping  inversion  by  the  presence  of  the  city. 
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Fig.  3d.  As  in  Fig.  3b  except  at  1.3  km  AGL. 


14    16    18  20  22  24  26  28  30  32 
Distance  from  Baseline  (km)     X  — *- 
Fig.  5.  Vertical  cross-sections  of  eddy  wind  field  through  lines  indi- 
cated in  Fig.  3a.  This  is  from  the  same  data  set  used  in  Fig.  3. 
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Fig.  6a.  As  in  Fig.  3a  except  this  figure  represents  an  average 
of  15  volume  scans  over  a  20  min  period  ending  at  1445  CDT  on 
4  August  1975.  Height  is  0.8  km  AGL. 


The  horizontal  plane  at  300  m  for  the  2  min  data  set 
at  1526  is  shown  in  Fig.  4.  This  illustrates  that  the  low- 
level  convergence  is  easily  apparent  even  when  smaller, 
less-persistent  features  are  present.  Although  these  data 
near  the  mid-point  of  the  1  h  observation  time  repre- 
sent a  much  shorter  time  interval  than  the  data  shown 
in  Fig.  3,  they  nevertheless  have  a  great  deal  of  similar- 
ity with  the  70  min  averaged  data  set  in  Fig.  3b. 

Most  illustrative  of  the  character  of  the  perturbation 
field  is  the  series  of  vertical  cross  sections  shown  in 
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Fig.  6c.  As  in  Fig.  5b  except  at  0.8  km  AGL. 

Fig.  5.  These  cross-sections  are  taken  at  a  spacing  of 
2  km  along  the  lines  indicated  in  Fig.  3a.  From  the 
similarity  of  the  velocity  patterns  on  different  vertical 
cross  sections  it  is  apparent  that  the  mode  of  convection 
favored  on  this  day  was  the  horizontal  roll  oriented 
nearly  along  the  mean  wind.  Three  such  rolls  can  be 
seen,  especially  at  F  =  4.  The  largest  roll,  located  over 
East  St.  Louis,  has  a  counterclockwise  circulation  when 
observed  from  the  northeast  and  has  the  urban  heat 
island  as  its  source.  An  intermediate-sized  roll  of  the 
same  sense  is  located  to  the  west  (right).  Less  well- 
defined  and  much  smaller  is  a  clockwise  roll  between 
the  two  larger  rolls.  The  dominant  updraf  t  at  X  =  23  km 
had  a  magnitude  of  up  to  1  m  s_1  for  the  1  h  period; 


Fig.  6b.  As  in  Fig.  3b  except  this  figure  represents  an  average 
of  15  volume  scans  over  a  20  min  period  ending  at  1445  CDT 
on  4  August  1975.  Height  is  0.3  km  AGL. 
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Fig.  6d.  As  in  Fig.  5b  except  at  1.3  km  AGL. 
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Fig.  7.  Vertical  cross  sections  of  eddy  wind  field  through  line  indi- 
cated in  Fig.  5a.  This  is  from  the  same  data  set  used  in  Fig.  5. 

single-volume  scans  indicated  that  the  updraft  may 
have  been  as  high  as  2  m  s_1  over  a  short  time  period. 
An  explanation  for  the  size  differences  in  these  rolls  is 
to  be  offered  after  the  discussion  of  the  4  August  data. 

4.  Analysis  of  4  August  1975  wind  field 

Fig.  6a  shows  that  the  total  mid-level  wind  field  on 
4  August  was  very  similar  to  that  on  28  July  (see  Fig. 
3a).  The  mean  wind  in  the  lower  half  of  the  mixing 
layer  differed  by  less  than  1.5  m  s_1.  As  will  be  discussed 
later,  the  notable  difference  between  the  total  wind 
profiles  on  these  two  days  was  the  reduced  shear  on 
4  August.  The  upstream  temperature  profile  in  Fig.  2 
was  similar  to  that  on  28  July  except  that  the  base  of 
the  capping  inversion  was  at  1300  m  AGL.  The  profile 
below  the  inversion  was  nearly  dry  adiabatic  from  near 
the  surface  to  the  inversion. 

The  eddy  pattern  on  4  August  at  the  300  m  level  in 
Fig.  6b  shows  a  convergence-divergence  pattern  similar 
to  that  on  28  July  1975.  Similar  to  the  data  shown  for 
28  July,  these  data  represent  an  average  of  15  volume 
scans  taken  during  a  20  min  period.  Although  the  area 
of  coverage  is  not  as  extensive  as  on  28  July,  there 
exists  a  similar  convergence  line  extending  southwest 
from  Granite  City  to  St.  Louis.  To  either  side  of  this 
are  regions  of  divergence.  The  mid-level  eddy  field  in 
Fig.  6c  is  not  well  organized,  similar  to  other  cases  that 
are  not  presented  here.  Fig.  6d  near  the  top  of  the 
boundary  layer  indicates  that  the  convergence-diver- 
gence pattern  is  reversed  from  the  pattern  at  300  m. 

As  one  would  expect,  the  vertical  component  is  small 
near  the  top  of  the  boundary  layer  as  shown  in  the 


vertical  cross  sections  of  Fig.  7.  These  cross  sections  are 
taken  through  the  lines  indicated  on  Fig.  6a.  Fig.  7 
shows  that  the  convective  structure  was  again  in  the 
form  of  horizontal  rolls,  although  of  equal  size  on  this 
occasion. 

It  should  be  emphasized  that  the  features  described 
above  were  long-lasting  on  both  days  and  were  apparent 
in  the  data  regardless  of  how  the  averages  were  taken 
(see  Fig.  4).  The  roll  structure  was  indicated  even  when 
single  volume  scans  were  considered.  In  such  "instan- 
taneous" samples,  however,  there  were  smaller  less  per- 
sistent features  that  were  smoothed  out  in  the  longer 
term  averages. 

5.  Conclusions 

The  hodograph  in  Fig.  8  indicates  the  mean  radar- 
derived  wind  at  each  level  for  the  two  cases  considered 
here.  Although  the  mean  wind  in  the  lower  half  of  the 
boundary  layer  was  not  very  much  different,  it  is 
evident  that  there  was  in  fact  a  significant  difference  in 
the  shear  on  the  two  days.  The  cross-roll  component  of 
shear  on  28  July  was  1.5  X  10~3  s_1  and  nearly  zero  on 
4  August.  It  is  suggested  that  this  difference  may 
account  for  the  difference  in  roll  size  on  these  two  days. 
Rolls  of  opposite  sense  were  the  same  size  on  4  August 
(the  no-shear  case)  but  were  very  different  in  size  when 
the  cross-roll  shear  existed  on  28  July.  It  is  suggested 
that  the  cross-roll  linear  wind  shear  enhanced  the  rolls 
having  counterclockwise  (CCW)  rotation  in  Fig.  5  but 
acted  to  suppress  the  clockwise  (CW)  roll.  The  reason 
for  the  CCW  roll  on  the  left  of  this  figure  being  larger 
than  the  CCW  roll  on  the  right  is  presumably  that  the 
heat  island  forced  this  roll,  while  there  was  no  equivalent 
forcing  for  the  CCW  roll  on  the  right.  Since  there  was 
no  shear  in  the  boundary  layer  on  4  August,  there  was 
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Fig.  8.  Radar  derived  hodograph  for  28  July  1975  and 
4  August  1975.  Heights  are  in  kilometers. 
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no  such  enhancing-suppressing  mechanism,  and  the 
rolls  are  the  same  size  in  Fig.  7. 

These  observations  suggest  that  the  structure  ob- 
served on  28  July,  the  sheared  case,  might  be  simulated 
in  two  dimensions  by  the  superposition  of  linear  shear 
and  a  field  of  counter-rotating  rolls  of  equal  magnitude. 
Such  a  simulation  was  performed  by  adding  the  stream- 
functions  for  linear  cross-roll  shear  and  for  equal-size 
counter-rotating  rolls.  The  appropriate  spatial  deriva- 
tive of  the  streamfunction  resulted  in  the  two-dimen- 
sional wind  field  shown  in  Fig.  9.  Dimensions  were 
chosen  to  be  roughly  equivalent  to  the  observed  fields 
on  28  July.  The  simulated  wind  field  contains  the  essen- 
tial features  of  the  wind  field  observed  on  28  July. 
The  addition  of  cross-roll  shear  significantly  reduces 
the  CW  roll.  Without  this  shear  these  rolls,  centered  at 
X  =  3  km  and  X  =  7  km,  would  have  been  of  equal 
size.  Although  this  kinematic  analysis  is  by  no  means 
proof  that  such  superposition  is  generally  valid,  it 
suggests  that  heat-island  induced  rolls  that  would  be 
equal  in  size  when  the  shear  is  weak  can  be  greatly 
changed  when  larger  scale  cross-roll  shear  is  present. 

These  observations  indicate  that  under  certain  condi- 
tions, the  horizontal  roll  mode  of  convection  exists  over 
an  urban  area,  and  it  is  locked  to  thermal  features 
generated  by  the  city,  although  topography  should  not 
be  totally  ruled  out  at  this  time.  Boundary  layer  shear 
does  not  seem  to  be  a  necessary  condition  for  the 
existence  of  these  rolls  as  we  have  seen  from  the  4 
August  case.  Although  horizontal  rolls  have  been  pre- 
dicted by  theory  (Brown,  1972)  for  an  inflection  point 
instability  in  a  stratified  Ekman  boundary  layer,  and 
their  existence  has  been  deduced  from  tower  and  air- 
craft measurements  (LeMone,  1973),  such  rolls  have 
not,  to  the  authors'  knowledge,  been  observed  in  con- 
nection with  strong  forcing  from  an  urban  heat  island. 

This  is  not  to  suggest  that  urban  forcing  is  the  only 
cause  of  roll  convection,  but  rather  that  an  urban  heat 
island  may  increase  the  frequency  of  occurrence  of 
rolls.  Only  two  cases  are  described  here  but  five  others 
have  been  analyzed  at  this  time  and  are  described  by 
Kropfli  (1977).  Of  these  five  cases  one  strongly  indicates 
the  presence  of  rolls,  another  is  indeterminate  and  three 
other  cases  do  not  show  rolls  at  all.  From  this  admittedly 
limited  sample  it  appears  that  rolls  occur  over  St.  Louis 
about  half  the  time  during  clear  afternoon  conditions 
in  the  summer. 

Although  convective  cells,  both  aligned  and  un- 
aligned, were  observed  with  the  sensitive  Wallops 
Island  radars  (Konrad,  1968,  1970),  rolls  were  never 
observed  there.2  On  only  four  days  during  June  and 
July  1970  were  rolls  observed  by  LeMone  (1973).  It  is 
tempting  to  conclude  that  rolls  may  occur  much  less 
frequently  when  strong  thermal  forcing  from  a  heat 
island  is  absent.  Even  when  the  heat  island  is  present, 


t     V 


N 


'55 

X 


2        3 


5 


T 


7 


:  I.  Katz,  private  communication. 


Horizontal   Distance  (km)       X  -*~ 

Fig.  9.  Simulated  wind  field  from  superposition  of  uniform  counter- 
rotating  horizontal  rolls  and  linear  cross-roll  shear. 


the  complete  data  set  that  includes  all  seven  days  indi- 
cates that  PBL  winds  in  excess  of  about  3.2  m  s-1  are 
necessary  for  the  development  of  rolls  at  St.  Louis 
(Kropfli,  1977).  Only  one  of  the  seven  cases  analyzed 
was  not  consistent  with  this.  This  conclusion  is  in 
agreement  with  Le  Mone  (1973)  whose  observations 
indicated  that  "rolls  consistently  occurred  in  moder- 
ately strong  winds  .  .  .  ." 

The  orientation  and  relative  sizes  of  these  persistent 
rolls  can  be  understood  in  terms  of  urban  thermal 
effects,  mean  wind  direction  and  wind  shear.  Other 
cases  with  different  boundary  layer  wind  profiles  that 
have  not  been  shown  here  also  reveal  persistent  features 
in  the  wind  patterns.  In  these  cases,  however,  the 
horizontal  roll  structure  is  not  observed.  These  cases 
are  also  being  investigated  and  will  be  reported  at  a 
later  time. 

These  two  cases  and  data  from  another  day  not  dis- 
cussed here  seemed  to  suggest  that  about  1  m  s_1  up- 
draf t  perists  over  the  southwest  corner  of  Granite  City, 
a  region  of  heavy  industrial  activity.  There  were  no  data 
to  suggest  that  this  is  not  the  case.  The  clearest  evidence 
of  the  strong  Granite  City  updraf  t  was  the  28  July  case 
in  which  divergence  values  in  excess  of  —  1X10-3  s_1 
persisted  over  this  area  at  the  300  m  level  for  the  dura- 
tion of  the  observations.  The  low-level  convergence 
within  a  1.5  km  diameter  area  was  nearly  twice  the 
convergence  values  observed  anywhere  else  in  the 
scanning  area. 

The  elongated  low-level  convergence  line  observed 
here  is  not  too  dissimilar  from  a  result  of  the  three- 
dimensional  primitive  equation  model  of  the  St.  Louis 
heat  island  by  Vukovich  et  al.  (1976).  Their  north- 
easterly wind  case  study  with  strong  geostrophic  flow 
produced  a  low-level  convergence  line  nearly  coincident 
with  the  28  July  convergence,  line.  To  either  side  were 
regions  of  weak  downdraft.  Although  the  wind  direc- 
tion in  their  case  was  similar  to  our  observations, 
their  wind  speed  and  temperature  profiles  differed 
greatly  from  ours.  Their  temperature  profile  was  stable 
throughout  and  the  geostrophic  wind  was  10  m  s_1. 

Of  all  the  cases  considered  by  Vukovich  et  al.  (1976) 
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this  strong  northeast  wind  case  produced  the  largest 
updraft  which  they  attribute  to  the  heat  island  effect 
being  intensified  by  topographically  induced  conver- 
gence. It  would  be  of  much  interest  to  compare  radar 
measurements  of  the  three-dimensional  boundary  layer 
wind  field  with  results  of  such  numerical  models  that 
use  the  observed  wind  and  temperature  profiles  as 
initial  conditions.  It  is  hoped  that  the  results  presented 
here  and  other  cases  not  discussed  here  can  be  used  in 
such  comparisons. 

These  experiments  have  shown  that  hundreds  of 
square  kilometers  of  the  clear  boundary  layer  wind 
field  can  be  monitored  over  extended  periods  of  time 
by  dual-Doppler  radar.  The  data  reduction  and  analysis 
problem,  while  still  a  formidable  task,  is  becoming 
manageable. 
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QUANTITATIVE  ACOUSTIC  MEASUREMENTS  OF  ATMOSPHERIC  TURBULENCE 


Edmund  H.  Brown 

NOAA/ERL/Wave  Propagation  Laboratory 
Boulder,  Colorado  80302 


1.  INTRODUCTION 

The  boundary  layer  includes  Che  part 
of  the  earth's  atmosphere  influenced  by  condi- 
tions at  the  ground,  in  particular  by  fluxes 
of  momentum  and  heat.  The  boundary  layer  can 
either  have  an  "open"  structure,  acting  as  a 
pathway  for  fluxes  to  affect  higher  levels  and 
perturb  mesoscale  processes,  or  it  can  have  a 
"closed"  structure,  acting  as  an  impenetrable 
container  disconnected  from  large-scale  events. 
In  the  first  case,  information  on  the  structure 
should  have  considerable  impact  on  future,  more 
sophisticated,  weather  prediction  methods.   In 
the  second,  boundary  layer  studies  should  have 
immediate  value  for  predicting  the  strength  and 
duration  of  air  pollution  events. 

The  fluxes  of  momentum  and  heat  in 
the  boundary  layer  depend  on  the  dynamic  struc- 
ture, that  is,  on  wind  shear,  buoyant  thermal 
plumes,  and  internal  waves.   In  turn,  wind 
shear,  thermal  plumes,  and  breaking  internal 
waves  produce  small-scale  turbulence.   Thus, 
the  boundary  layer  always  represents  a  turbu- 
lence-containing region  of  the  atmosphere.   But, 
for  atmospheric  remote  sensing,  sound  waves 
produce  the  strongest  interaction  with  turbulence 
(Little,  1969).   For  this  reason,  the  echosonde, 
which  employs  acoustic  scattering,  has  the 
potential  for  becoming  a  powerful  instrument 
for  boundary  layer  studies.  Realization  of  the 
potential,  however,  depends  on  obtaining  suffi- 
cient accuracy  in  quantitative  acoustic  measure- 
ments (Brown,  1977). 

2.  MEASUREMENTS 

Qualitative  aspects  of  echosonde 
returns  displayed  on  facsimile  recorders  have 
come  into  increasing  use  during  the  last  decade. 
Such  displays  clearly  show  thermal  plumes  in 
unstable  conditions,  layers  and  internal  waves 
in  stable  conditions,  and  the  passage  of  fronts 
(McAllister  et  al_.  ,  1969).   Linking  the  echosonde 
to  the  microcomputer  may  shortly  provide  continu- 
ous data  on  geometric  parameters  associated 
with  the  qualitative  features,  such  as  the 
boundary  layer  height  h  (Owens,  1977),  the 
height  and  thickness  of  elevated  layers,  the 
width  profile  of  thermal  plumes,  or  the  wave- 
length and  amplitude  of  internal  waves. 

The  recent  development  of  the  bistatic 
Doppler  echosonde  has  solved  the  problem  of 
remote  measurement  of  the  3-dimensional  mean 
wind  field,  that  is,  at  least  to  accuracies 
of  a  few  tenths  of  a  meter  per  second  (Beran 
et  al.,  1974).   In  particular,  the  echosonde 
can  give  the  mean  horizontal  wind  profile  U(z) 
as  a  function  of  altitude  z.  Also,  Gaynor  (1977) 
has  used  Doppler  differencing  on  the  returns 


w(z)  of  a  monostatic  Doppler  echosonde  to  mea- 
sure profiles  of  the  turbulent  velocity  structure 
parameter  C   .   Although  the  Doppler  differenc- 
ing technique  probably  will  yield  better  results 
than  methods  based  on  monostatic-bistatic  in- 
tensities, the  accuracy  of  the  technique  needs 
evaluation  by  comparison  with  in  situ  sensors. 

The  acoustic  intensities  of  monostatic 
echosonde  returns  depend  only  on  the  intensities 
of  the  temperature  fluctuations,  that  is,  on 
the  turbulent  temperature  structure  parameter 
C_  .  Neff  (1975)  began  the  study  of  the  accuracy 
of  echosonde  measurements  of  CT  •   The  accuracy 
is  affected  both  by  the  "excess  attenuation" 
studied  by  Brown  and  Clifford  (1976),  and  by 
refractive  effects  of  mean  winds.   Haugen  and 
Kaimal  (1978)  have  recently  compared  acoustic 
measurements  with  tower  measurements.   Neff 
(1978)  has  made  similar  comparisons  and,  in 
addition,  estimated  the  relative  contributions 
of  refraction  and  excess  attenuation  to  the  mea- 
surement errors.  The  development  of  methods 
of  correction  for  both  sources  of  error,  result- 
ing in  meteorologically  useful  profiles  of  C_  , 
now  appears  quite  plausible. 


3. 


APPLICATIONS 


The  usefulness  of  quantitative  echosonde 
measurements  in  boundary  layer  studies  was 
suggested  by  the  author  at  the  3rd  Atmospheric 
Acoustics  Workshop  in  Toronto,  and  in  a  meeting 
of  the  Acoustical  Society  of  America  (Brown, 
197S) .  An  alternative  scheme  was  given  by 
Kerman  (1976).   Briefly,  the  former  method  ob- 
tains data  for  the  surface  layer  parameters, 
the  friction  velocity  ut    (a  normalized  shear 
stress  or  momentum  flux),  the  normalized  convec- 
tive  heat  flux  -  u„T#  or  the  equivalent  reduced 
temperature  T# ,  and  the  Monin-Obukhov  length 
L»  =  u„  T/(gTA).   (The  non-conventional  addition 
of  the  subscript  *  on  Lt    is  almost  forced  on 
researchers  of  wave  propagation  through  turbu- 
lence by  the  prior  conventional  uses  of  L  for 
pathlength,  as  well  as  L  for  the  outer  scale.) 
The  above  surface  layer  parameters  are  obtained 

(z). 


from  echosonde  measurements  of  C_  (z) ,  C 

T      v 

and  the  mean  wind  shear  U  (z) 

zv  ' 


8U/3z  derived 

from  U(z).  The  connection  between  the  two  sets 
of  data  depends  on  empirical  functions  obtained 
from  similarity  theory  for  the  surface  layer  — 
roughly  the  lowest  few  tens  of  meters  of  the 
boundary  layer.   In  turn,  use  of  values  of 

2       2 
G_  and  C   appropriate  to  the  surface  layer 

depends  on  extrapolation  from  echosonde  measure- 
ments at  higher  altitudes  by  means  of  the  equations 
2  _   -4/3   .  „  2  _  .  ^  .  -2/3 


a 


and  C 


=  b  +  cz 
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If  flux  divergences  are  neglected, 
the  rate  of  dissipation  of  turbulent  kinetic 
energy  e  satisfies  the  equation 


problem).  Thus,  simultaneous  echosonde  measure- 
ments of  h  and  0  would  have  considerable  impact 

on  air  pollution  predictions. 


U,(l 


Rf), 


(1) 


where  Rf  is  the  flux  Richardson  number,  Rf  = 

-(g/T)u,J#/(u,2U2)  =  -  u,/(L.Uz).   But,  e  also 
satisfies  the  equation 


2e 


2/3 


(2) 


The  third  parameter  Rf  depends  on  C_,  ,  but  in  an 
indirect  way.   Wyngaard  e_t  al_.  (1971)  give  a 
table  of  the  empirical  function  f^(Ri),  where 


Ri  is  the  gradient  Richardson  number, 
equation 


Ri  f3(Ri) 


(g/T)2  CT2/(z4/3U24) 


Thus,  the 


(3) 


provides  solutions  for  Ri  from  data  on  C_  and 
U  .  Similarly,  Businger  e_t  al.  (1971)  give  a 
table  of  the  empirical  function  g0(z/L4)  =  Ri, 
so  that  L»  may  be  obtained  from  Ri  =  Ri(C_  ,U  ). 
Substituting  the  resulting  values  of  L,  =  L#CCj,  ,Uz) 
in  the  definition  of  Rf  immediately  transforms 
(1)  into  an  equation  for  the  single  unknown  u«, 


u.2Uz  ♦  u.\-\cT2,Uz)   =  2-3/2Cv3. 


(4) 


(The  exponent  -1  in  the  second  term  of  (4) 
implies  here  the  inverse  of  the  values  of  L#, 
not  the  inverse  function.)  The  final  parameter 
follows  from  the  equation  (the  definition  of  L») 


4. 


T.  =  (T/g)u//L.. 


EXTENSIONS 


(5) 


Clearly,  extension  of  the  above  scheme 
to  the  entire  boundary  layer  requires  further 
analysis.  More  importantly,  the  list  of  echo- 
sonde measurements  given  above  does  not  exhaust 
the  set  of  all  that  are  possible  and  useful. 
We  illustrate  the  point  by  a  particular  example, 
one  that  raises  a  number  of  questions  worth 
both  analytical  and  experimental  study.  We 
suppose  an  unstable  boundary  layer  capped  by  an 
elevated  inversion  —  a  structure  frequently 
associated  with  severe  air  pollution  events. 
Echosonde  measurements  of  the  boundary  layer 
height  h,  together  with  a  knowledge  of  the  strength 
of  local  pollution  sources,  provide  a  measure 
of  the  severity  of  the  event.   In  addition, 
the  strength  of  the  capping  inversion, 
0  =  30/3z,  derived  from  the  mean  potential 
temperature  0,  plays  an  important  role  in  the 
duration  of  such  an  event  (unfortunately,  other 
factors,  such  as  subsidence,  complicate  the 


If  we  examine  the  average  daytime 
2 
behavior  of  C_  we  find  that,  at  some  point 

below  h,  the  decrease  of  C_  with  altitude  is 


reversed: 


now  increases  with  z  to  a  value 


at  h  much  larger  than  at  the  minimum,  then 
rapidly  decreases  again  above  h.  Similarly, 

C  ,  which  is  approximately  constant  over  the 
upper,  well-mixed  part  of  the  boundary  layer, 
has  a  smaller  increase  near  h  that  forms  a  small 
bump  on  the  profile.   Such  behavior  is  clearly 

2       2 
seen  in  the  typical  curves  of  C_  and  C 

/r  T      v 

given  by  Brown  and  Clifford  (1976).  The  departure 
from  the  -4/3  and  -2/3  power  laws  near  h  is 
caused  by  entrainment  of  warmer  air  in  the  capping 
inversion  by  rising  turbulence  in  the  thermal 
plumes.   Since  the  inversion  tends  to  strongly 
suppress  turbulence,  the  region  of  mixing  of 
warmer  air  by  entrainment  is  restricted  to  a 
layer  of 'some  average  thickness  £..   Facsimile 
records  frequently  show  such  a  band  of  higher 
acoustic  intensity  due  to  higher  C_  with  a 

roughly  constant  thickness  at  the  top  of  the 
boundary  layer.   Because  of  the  mixing,  the 
potential  temperature  is  approximately  constant 
over  the  entrainment  layer  but,  at  the  top,  makes 
a  jump  A0  to  the  value  appropriate  to  the  inver- 
sion. The  Figure  shows  the  approximate  behavior 
in  such  an  entrainment  layer,  with  I   equal  to  an 

average  of  the  measured  values  for  which  C_  is 

above  some  appropriately  chosen  minimum,    C_    , 
*  2    1  max 

the  average  of  the  greatest  values  of  C_  ,  0 
the  average  potential  temperature  gradient  in  the 
capping  inversion,  and  LQ   an  effective  value  of 
the  temperature  jump. 
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If  wc  now  make  some  approximations, 
namely,  that  we  can  use  the  Kolmogorov  law, 
and  that  the  largest  eddies  that  can  contribute 
to  the  jump  AG  are  the  size  of  the  entrainment 
layer  thickness,  then  we  can  write 


AG'  eff 


,2/3 


"T  max 


(6) 


But,  if  the  behavior  shown  in  the  Figure  at 
least  roughly  corresponds  to  the  average  effec- 
tive changes  in  potential  temperature,  we  have 
also  Q  *  AQ/£.   Introducing  this  approxima- 
tion in  (6)  gives 


G  2  .  C2 
z     T  max 


,-4/3 


(7) 


Thus,  echosonde  measurements  of  the  average 
maximum  CT  at  the  top  of  the  boundary  layer, 
and  of  the  average  thickness  of  the  entrainment 
layer  will  immediately  give  some  effective 
measure  of  the  strength  of  the  capping  inversion. 
Of  course,  such  measurements  assume  we  can  obtain 
high  enough  signal-to-noise  ratio  at  the  range  h. 
A  more  sophisticated  analysis  also  could  include 
measurements  of  C  ,  since  the  entrainment  layer 
parameters  depend,  not  only  on  the  strength  of 
the  inversion,  but  also  on  the  intensity  of  the 
turbulence. 
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ABSTRACT 

Second-order  theory  is  formulated  for  a  wave  packet  propagating  in  a  stratified  fluid,  and  the  packet- 
scale  flows  in  the  system  are  examined.  These  large-scale  flows  originate  from  interactions  between  first- 
order  field  components  with  wavenumbers  k  and  k  +  A,  which  force  second -order  motions  with  wavenumber 
A  (large  scale)  as  well  as  the  more  familiar  harmonics.  The  perturbation  method  used  produces  second- 
order  field  equations  in  which  by-products  of  the  linearized  wave  packet  fields  appear  as  source  terms. 
The  large-scale  part  of  this  forced  flow  is  extracted  through  a  k  space  projection  operation.  This  flow  field 
is  then  obtained,  first  formally  for  a  rather  general  system  and  then  explicitly  for  a  packet  propagating 
in  a  simple  model  of  the  surface  layer  inversion.  Flow  within  the  body  of  the  packet  takes  the  form  of  a 
quasi-horizontal  velocity  field  with  a  marked  vertical  shear  structure.  This  flow  is  examined  for  consistency 
with  steady-state  assumptions  and  for  stability  with  respect  to  local  Kelvin-Helmholtz  wave  formation. 
It  appears  that  such  flows  can  be  unstable  at  physically  realizable  amplitudes,  and  this  is  suggested  as  a 
possible  source  of  the  turbulent  laminae  observed  in  atmospheric  inversions. 


1.  Introduction 

The  linearized  theory  of  wave  propagation  in  a  fluid 
provides  an  excellent  basis  for  interpreting  most  wave 
events  observed  in  geophysics.  Nevertheless,  it  is  recog- 
nized (e.g.,  Tolstoy,  1973)  that  many  important  con- 
sequences of  such  wave  activity  derive  from  nonlinear 
effects.  For  instance,  the  vertical  transfer  of  horizontal 
momentum  by  gravity  waves  and  its  subsequent  depo- 
sition in  a  localized  part  of  the  atmosphere  is  believed 
to  be  one  cause  of  clear  air  turbulence  (Bretherton, 
1969a).  Such  stress  transfers  have  received  considerable 
attention  (Bretherton,  1969b;  Bretherton  and  Garrett, 
1968;  Jones,  1973),  and  are  now  formulated  in  rather 
abstract  but  general  terms. 

A  rather  different  class  of  nonlinear  effects  deals  with 
the  breakdown  of  the  flow  and  its  radical  departure 
from  the  linear  perturbation  state.  This  is  one  of  the 
more  significant  (and  recalcitrant)  problems  in  atmo- 
spheric dynamics,  since  it  includes  all  those  situations 
in  which  laminar  flow  is  an  inadequate  description  of 
the  state.  Transports  of  matter,  momentum  and  energy 
in  directions  other  than  that  of  the  mean  wind  require 
an  understanding  of  these  complex  flows.  This  is  the 
province  of  turbulence  theory.  At  the  present  time  there 
is  no  operable  theory  that  seeks  to  solve  this  problem 
using  the  exact  equations  of  motion  at  all  scales  (at 
least  for  the  high  Reynolds  number  flows  encountered 
in  the  atmosphere).  The  task  is  approached  rather 
from  its  two  extremes.  On  the  one  hand,  the  smaller 
scale  stochastic  motions  are  studied  without  too  much 
regard  for  the  dynamics  that  generate  the  larger  scales 


and  connect  them  with  the  smaller.  On  the  other  hand, 
when  the  initial  breakdown  of  the  laminar  flow  is 
examined,  it  is  rarely  pursued  beyond  the  first  stage  of 
an  assumed  cascade  toward  the  stochastic  scales. 

This  paper  is  work  of  the  latter  kind.  It  identifies  one 
of  the  many  atmospheric  situations  that  could  lead  to 
breakdown  of  the  laminar  flow  and  obtains,  at  least 
within  its  own  limits  of  consistency,  a  quantitative 
estimate  of  when  the  breakdown  starts.  The  system 
examined  is  rather  simple.  It  consists  of  a  wave  packet 
propagating  horizontally  in  a  stably  stratified  fluid 
bounded  below  by  a  rigid  plane  surface.  The  forced 
nonlinear  flows  with  horizontal  scales  on  the  order  of  the 
wave  packet  length  are  then  calculated  and  examined. 

At  some  critical  amplitude  the  Richardson  number 
in  these  large-scale  flows  falls  in  certain  regions  below 
the  magic  number  of  \,  which  is  now  commonly  ac- 
cepted as  one  criterion  for  the  onset  of  turbulence.  The 
primary  aim  of  this  paper  is  to  investigate  whether 
such  amplitudes  may  be  realistically  achieved.  There 
are  many  competing  processes  that  may  prevent  their 
realization.  Most  obviously  there  are  nonlinear  interac- 
tions at  the  small  scales  in  which  cascading  proceeds 
from  the  wave  that  forms  the  packet  into  its  higher 
harmonics  (e.g.,  Maslowe,  1973;  Kelly  and  Maslowe, 
1970;  Stuart,  1971;  Einaudi,  1970;  Drazin,  1970). 
Even  if  these  short-scale  interactions  ~do  not  prevent 
the  process  examined  here,  there  are  competing  proc- 
esses at  the  large  scales.  One  such  displays  itself  auto- 
matically in  the  analysis,  and  takes  the  form  of  a  con- 
tinued convergence  of  fluid  within  the  packet  profile. 
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This  is  inconsistent  with  the  basic  assumption  of  a 
steady  state,  and  its  threshold  condition  (that  the  flow 
velocity  should  exceed  the  packet  velocity)  also  violates 
the  ordering  of  the  perturbation  expansion.  Accord- 
ingly, if  this  state  is  reached  before  the  Richardson 
number  is  depressed  below  \  we  may  be  reasonably 
certain  that  the  process  of  primary  interest  here  cannot 
occur.  This  will  be  used  so  as  to  eliminate  the  possi- 
bility of  the  Richardson-number-type  breakdown  occur- 
ring, although  the  converse  assumption  (which  is  really 
needed  here)  cannot  be  made. 

A  far  more  ambitious  and  general  formulation  of 
interaction  within  a  wave  packet  has  been  given  by 
Grimshaw  (1977).  This  paper  concentrates  on,  and 
gives  numerical  results  for,  just  one  of  the  components 
covered  in  Grimshaw's  work.  A  basic  study  of  processes 
in  shortwave-longwave  interactions  has  been  given  by 
Benney  (1977)  an  alternative  mechanism  for  break- 
down of  the  flows  is  advanced  by  Landahl  and  Criminale 
(1977),  while  much  of  the  current  interest  in  packet- 
scale  motions  is  attributable  to  the  earlier  work  of 
Bretherton  and  his  coworkers,  referenced  above,  and 
more  recently  to  Mclntyre  (1973). 

The  source  mechanisms  for  waves  in  the  stably 
stratified  planetary  boundary  are  themselves  a  topic 
of  current  research.  We  do  not  wish  to  increase  the 
complexity  of  the  work  presented  here  by  introducing 
such  considerations.  Instead,  a  simple  atmospheric 
model  that  allows  a  spectrum  of  neutral  wave  modes 
is  adopted,  and  the  nonlinear  analysis  is  applied  to  a 
packet  constructed  from  them.  It  is  anticipated  that 
the  qualitative  effects  obtained  will  characterize  com- 
parable wave  systems  whatever  their  origin.  However, 
a  wave  packet  produced  by  shear  instability,  one  of 
the  most  obvious  sources  for  the  waves,  contains  a 
special  region  about  the  critical  level  whose  effects 
have  not  been  included  in  this  analysis.  Recent  work 
by  Lalas  and  Einaudi  (1976)  has  produced  alogrithms 
that  yield  these  eigenmodes  for  a  very  wide  class  of 
atmospheric  conditions.  It  remains  to  be  seen  if  the 
approach  used  here  can  be  generalized  to  include  wave 
packets  of  these  modes,  and  whether,  at  least  well 
away  from  the  critical  levels,  there  is  any  great  change 
in  the  nonlinear  behavior. 

2.  Formulation  procedure 

The  flow  dynamics  will  be  formulated  through  the 
equations  of  motion  for  an  incompressible  dissipation- 
less  fluid.  These  equations  will  be  solved  in  a  perturba- 
tion scheme  based  on  a  zero-order  state  that  is  hori- 
zontally homogeneous,  but  inhomogeneous  in  the 
vertical  direction,  where  density  gradients  and  the 
gravitational  acceleration  provide  a  stable  stratifica- 
tion. The  fluid  is  bounded  below  by  a  rigid  horizontal 
surface. 

The  zero-order  state  is  chosen  so  that  the  linearized 
approximation  for  perturbations  around  it  (the  first- 


order  perturbation  theory)  allows  the  existence  of  a 
set  of  vertically  confined  horizontally  propagating 
sinusoidal  wave  modes.  A  suitable  linear  superposition 
of  these  modes  is  then  made  to  provide  a  two-dimen- 
sional wave  packet  of  finite  length  in  the  direction  of 
its  propagation. 

The  second-order  perturbation  theory  for  the  system 
is  then  examined  and  solved  for  the  large-scale  flow 
associated  with  the  packet.  The  term  "large  scale"  is 
used  here  to  denote  a  flow  field  that  changes  significantly 
only  in  a  horizontal  distance  comparable  with  the 
length  of  the  wave  packet.  Small  scale  will  be  used  to 
describe  variations  over  a  distance  of  the  order  (oi  less) 
of  the  wavelengths  of  the  modes  that  are  used  to  con- 
struct the  packet.  It  is  necessary  that  the  two  scales 
can  be  clearly  distinguished,  which  implies  that  the 
packet  is  constructed  from  a  narrow  spectral  band  of 
the  modes. 

The  large-scale  part  of  the  second-order  flow  will  be 
obtained  in  a  stationary  approximation,  and  then  ex- 
amined for  self-consistency.  The  interest  here  is  to  find 
the  amplitude  of  the  packet  at  which  either  the  sta- 
tionary approximation  breaks  down  or  secondary 
Kelvin-Helmholtz  instabilities  can  be  expected. 

3.  The  equations  of  motion  and  the  perturbation 
approach 

The  fluid  is  governed  by  the  equations  of  motion 


D\ 

p +  V/>-pg  =  0 

Dt 

Dp 

— =0 
Dt 


V-V=0 
D  d 
Dt     dt 


-+V-v 


(l) 


where  V  is  the  fluid  velocity,  p  the  density,  p  the  pressure 
and  g  the  gravitational  acceleration.  A  Cartesian 
coordinate  system  will  be  used  with  z  in  the  negative 
direction  to  g. 

The  perturbation  approach  used  here  assumes  that 
the  fields  can  be  expressed  as  sequential  sums,  i.e.*, 


V  =  V0+V1+V2+-  .-+V.4- 

P  =  p0+Pl  +  Pi+  +Pn+- 

P  =  P0+Pl  +  p2  +  +Pn+- 


(2) 


for  which  terms  with  subscript  0  provide  an  exact  solu- 
tion of  the  set  (1)  (the  background  or  zero-order  state 
of  the  fluid),  while  the  terms  with  subscript  1  satisfy  the 
set  (1)  to  first  order  in  any  departure  from  the  back- 
ground state  (i.e.,  they  are  solutions  of  the  linearized 
equations).  Higher  values  of  the  subscript  represent 
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iterative  corrections  to  the  linearized  approximation: 
a  subscript  n  denotes  a  correction  of  magnitude  (pi/po)n. 
Boundary  conditions  are  imposed  on  the  fields  at  each 
order,  which  introduces  sets  of  homogeneous  con- 
straints. The  procedure  will  be  carried  to  the  second 
order  in  this  work. 

The  set  of  fields  (2)  is  substituted  into  the  set  of 
equations  (1)  and  terms  of  the  same  order  extracted  as 
separate  sets  of  equations.  At  the  zero  order  any  flow 


numerically.  Since  we  are  imposing  homogeneity  in  the 
y  direction  on  the  solutions  at  all  levels,  it  is  convenient 
to  set  the  zero-order  flow  component  $V0(z)  identically 
zero.  Subsequent  manipulations  are  more  direct  if  the 
scale  length  H  associated  with  the  stratification 


(6) 


\o=xUo(z)+ijVo(z) 
po  =  po(z) 


po=  constant- 


f 

Jo 


gpo(z)dz 


(3) 


satisfies  the  equations.   The  specific  choice  of  po(z), 
UQ(z)  and  V0(z)  can  be  delayed  until  later,  but  they 
must  be  regarded  as  given  quantities  in  the  higher  order 
equations. 
The  first-order  equations  yield 


is  much  greater  than  the  vertical  scale  associated  with 
the  first-order  perturbations.  Wherever  it  is  convenient 
(and  consistent),  the  great  difference  between  these 
two  scales  will  be  used  to  introduce  simplifying 
approximations. 

The  first-order  set  of  equations  (1)  is  most  simply 
treated  in  the  Fourier  transformed  spaces  of  /  and  x. 
The  convention  we  adopt  for  these  transformations  of 
any  function  F(x,z,t)  is 


pof-+VoVj 


Vi+poV,-TVo+T£,-pig=0 


g+v„.v)„ 


+  Vi-Vpo=0 


V-Vi  =  0 


(4) 


/»  y»00 

dk  /      du)F(k,Z,w)e+i^t-k^ 
-00  »   — 00 

F(k,z,u)  = /     dx        dtF(x,z,t)e-'(a 

(2*)2./_.        ./_» 


(7) 


Defining 


\i(x,z,f)  =  xu{x,z,t)-\-iw(x,z,t) 


These  equations  and  their  boundary  conditions  must 
allow  a  set  of  modes  from  which  a  wave  packet  can  be 
constructed. 
The  second-order  fields  are  governed  by 


(5) 


( — +V0-  V  jV2+poV2-  vV0+  V/>2-p2g 

=  -J-+  Vo-  vV-piVr  Wo-poVi-  TV, 

( hVo-  V  JP2+V2-  Tp0=  -VrTpi 

V-V2=0 


where  the  inhomogeneous  terms  on  the  right  are  com- 
pletely specified  by  the  chosen  form  of  the  wave  packet. 
The  second-order  flow  of  interest  is  the  forced  solution 
of  this  set  of  equations.  That  is,  the  second-order  fields 
must  obey  the  boundary  conditions  and  the  require- 
ment that  they  vanish  when  the  amplitude  of  the  wave 
packet  is  set  equal  to  zero. 

4.  Formal  solutions  of  the  equations 

The  sets  (3),  (4)  and  (5)  will  now  be  recast  in  forms 
that  allow  them  to  be  solved,  first  formally  and  later 


and  applying  the  double  transformation  to  the  set  (4) 
gives  a  system  that  can  be  reduced  to  a  single  second- 
order  differential  equation  for  w  (say)  plus  subsidiary 
relationships : 


dhv{k,z,u)     1  dp0dw(k,z,u)    r     N2£ 


r     A" 
L(o>-l 


po  dz        dz         L(<j)—kUo)2 
1  dt    dU0\ 


po((>)—kUo)  dz 


u{k,z,iS)  = 


(po — j-**k*AW)=o 

\     dz  I        J 


i  dw(k,z,w) 
k       dz 


i  dpo 

Pi(k,z,u)  =  -w(k,z,u) — 

£1  dz 

iil   dw(k,z,w) 

pl(k,z,o))=  ---po ; 

R1         dz 

il=u—kUo 

dpo 

N*(z)=-g—po-1 
dz 


The  differential  equation  in  (8)  is  reduced  to  canonical 


(8) 
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form  with  the  transformation 

w(k,z,u)=po~i(z)<t>(.k,Zfi)).  (9) 

This  introduces  several  terms  with  factors  p0~l  (dp0/dz). 
As  has  been  suggested  above,  this  term  proves  too  small 
to  be  significant  in  the  calculations,  and  we  adopt  the 
Boussinesq  approximation  of  dropping  all  such  terms 
unless  they  also  include  a  factor  g.  Then  the  set  (8) 
becomes 


d*+    r     N2k2 
dz2     U 


1 


kUo)2     (co-kUo)   dz2 
i       d<t> 

dz 


d2U0       "I 

— -k2  U= 

dz2         J 


0 


u=  — po 
k 


i  dpo 

pi= p<rh<$> 

Q,  dz 

iO       d<p 

p\= po+i — 

k2       dz 


The  boundary  conditions  required  of  <p  are  (setting 
the  bounding  plane  surface  at  2  =  0) 


(10) 


Lim  z  — >  oo  <j>(w,z,k)  =  0 


(ID 


It  is  assumed  that  N2(z)  and  £/0(z)  allow  a  continuum 
of  eigensolutions  <pw{k,z,oi)  satisfying  the  differential 
equation  in  (10)  and  the  boundary  conditions  (11). 
Such  eigensolutions  will  be  obtained  in  some  arbitrarily 
chosen  convention  of  normalization,  since  the  equations 
are  homogeneous,  and  to  establish  tp  (or  w)  we  must 
choose  an  amplitude  function  A{u>,k),  where 

w(k,z,u>)  =p0~i(z)A  (u,k)<pw(k,z,u). 

Inverting  the  transforms  gives  the  spatial  function 

w(x,z)t)  =  p0~i(z) 


X 


i     dki 

J  — 00  J  00 


dwA  (<j),k)<pw(k,z,u))ei 


—i(ut-kx) 


(12) 


with  analogous  expressions  for  u,  p\  and  pi  derived 
from  the  polarization  conditions  of  (10). 

The  nonlinear  formulas  will  involve  many  of  these 
expressions.  It  is  convenient  to  introduce  a  shorthand 
notation  for  the  representation  of  a  function  as 
this  inverse  transformation  on  the  A(u,k)  weighted 
eigenf  unctions : 


/( 


x,z,t)=  i     dki 

J  _oo  J  — < 


dcoA  (oo,k)fw(k,z,u))e 


.—  i(u>t—kx) 


where  fw  is  any  function  we  might  seek  to  express 
using  <pw(k,z,u))  and  its  derivatives. 

The  zero-  and  first-order  problems  present  no  diffi- 
culties in  themselves.  Even  without  the  Boussinesq 
approximation,  the  eigenfunctions  of  the  second-order 
differential  equation  in  (8)  can  be  found  using  known 
numerical  techniques  for  very  general  forms  of  N2  and 
Uq  (see,  e.g.,  Lalas  and  Einaudi,  1976).  However,  the 
next  step  in  the  calculation,  namely,  the  evaluation  of 
the  large-scale  nonlinear  flow  without  the  use  of  nu- 
merical modeling,  requires  certain  restrictions  on  the 
weighting  function  A(w,k).  The  approach  used  here 
requires  that  the  first-order  wave  system  conforms 
closely  in  behavior  to  a  simple  wave  packet.  Thus 
A  (o3,k)  must  be  sharply  localized  about  some  central 
values  of  the  parameters,  say  coc  and  kc,  and  its  width 
in  w,k  space  must  be  restricted  to  reduce  dispersion  to 
an  acceptable  level. 

We  now  consider  the  second-order  field  equations 
(5).  A  linear  inhomogeneous  problem  allows  that  the 
inhomogeneous  terms  be  separated  into  as  many  parts 
as  is  convenient,  the  system  solved  for  each  part 
separately,  and  the  sum  of  these  part  solutions  added 
together  to  provide  the  total  solution.  We  wish  to  divide 
the  inhomogeneous  terms  into  a  large-scale  and  a  small- 
scale  part.  Only  the  large-scale  flow  field  is  of  interest 
here,  so  no  attempt  will  be  made  to  solve  for  the 
remaining  terms. 

Suppose  that  an  operation,  denoted  symbolically  by 
angle  braces,  extracts  the  large-scale  part  of  the  inhomo- 
geneous terms.  (The  operator  is  developed  in  the 
Appendix.)  Then  this  operator  can  be  applied  to  the 
terms  on  the  right-hand  side  of  (5),  and  the  set  reduces 
to  the  equations  for  the  large-scale  components  of  the 
second-order  fields  V2/>2,  pi  only,  say,  V,  p,  p: 


pof hVo-vjv+po-VVVo+Vp-pg 

-piVx-Wo-poVrWx^ 


(*+v°T) 


+  V0-  V  )p+V-  Vp0=  <-  Vr  Vpi) 


VV  =  0 


(14) 


=  [/»(*A«)]S 


(13) 


These  large-scale  flows  travel  with  the  group  velocity 
xVg  of  the  first-order  wave  packet  (Appendix),  so  the 
operator  d/dt  may  be  replaced  with  —  Vo{d/dx)  when 
it  acts  on  these  scales. 

Defining 

V=xu+zw  (15) 
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and  using  the  restricted  form 

\0  =  xU0(z), 
the  set  (14)  may  be  recast  as 
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d  d  dp 

po(U0—  VG)—n+poW — Uo-\ 


dx 
d 


dz 


dx 


=  /  -pit — h  U<r-  V-PiVi  • v  Uo-poVi  ■  Vu) 
\        \dt  dx/  f 

=  F>(x-VGt,z),     (16) 


a      dp 

po(Uo—  VG) — w-\ Vpg 

dx        dz 


=  (  —  pif  — h Uo —  \w -poVi •  Vw  ) 
\        \dt  dx)  / 


=  Fz(x-VGt,z),     (17) 


(Uo- 

dp        d 

-  Vq) \-w— po 

dx        dz 

=  (-VvVpi)=Q(x-Vot,z),    (18) 

did     du 

—+-  =  0.                              (19) 
dz      dx 

The  time-dependence  of  these  equations  may  be 
suppressed  as  it  is  clear  that  the  system  can  be  solved 
for  time  t  =  0,  and  the  forms  at  all  other  times  recovered 
by  the  transformation  x  — >  x—  V  Gt.  (Equivalently,  we 
could  work  in  the  frame  of  reference  for  which  the 
packet  is  stationary.) 

Eqs.  (16)— (19)  reduce  to  an  equation  in  w  when  we 
subtract  the  x  derivative  of  (17)  from  the  z  derivative 
of  (16)  and  use  the  (18)  and  (19)  to  eliminate  terms  in 
du/dx  and  dp/dx.  This  results  in 

d2w     d2w      1  dpo  dw 

dz2      dx2     po   dz    dz 


+ 


d  podUo' 


l(U0-VG2)     p0(Uo-VG) 


po(U> 

=  po^S(x,z) 


a  podUo~\ 

\w 

dz     dz    J 

0-VG)ldx       dz      (U0-VG)i 


(20) 


As  with  (8)  and  (9)  the  first  derivative  on  z  can  be 
removed  with  the  substitution 


giving 


w(x,z)  =  p<r$$(x,z), 

d2$    a2<j> 

+ +Q(.z)$= S(x,z), 

dz2      dx2 


(21) 
(22) 


Q(Z): 


(Uo-VG)2    po(U 


1  d  /p0dUo\ 

r0-VG)dz\    dz    ) 

1    d2po     /  1 

+   — 

2p0  dz2      \2p0 


1    dp0\2 

—  )•     (23) 
dz) 


The  formal  solution  of  (22)  follows  immediately 
from  the  application  of  Fourier  and  Green's  function 
theory.  Let  G(z,z',K)  be  the  solution  of  the  equation 


— G{z,z',K)+[Q{z)-K2^G{z,z',K)  =  h{z'-z),     (24) 
dz2 

where  d(z'—z)   is   the  Dirac  delta  function  with  the 
appropriate  boundary  conditions. 
Then 


w(x,z)- 


po 


=po 


.-* 


dz'G(z,z',K)S(K,z') 


dKe~>K*  / 

-00  J  0 

/CO  «QO 

dKe~iK*  /     dz'G{z,z',K) 
-00  ^0 

X—  \dx'e>K*'S{x',z').     (25) 
2tt  J 


In  its  general  form  G(z,z',K)  couples  the  integrations 
over  the  two  spaces  z'  and  K.  However,  for  large-scale 
flows  generated  by  the  type  of  wave  packet  envisioned 
in  this  paper,  it  will  almost  always  be  possible  to 
separate  G  into  two  factors,  one  involving  only  iz,z'), 
the  other  only  K.  This  makes  the  evaluation  of  (25) 
much  easier.  The  separation  follows  from  an  examina- 
tion of  (24)  for  the  Green's  function.  The  function  K 
occurs  only  through  the  term  [_Q(z)  —  K2~}.  For  any 
stratification  N2{z)  which  has  at  most  at  a  finite 
number  of  isolated  zeros  in  the  z  domain,  it  will  always 
be  possible  to  choose  a  sufficiently  narrow  spectral 
function  A(w,k)  to  ensure  that  the  factor  K2  can  be 
dropped  from  Eq.  (24).  That  is,  \Q(z)\y>K2  except 
over  a  negligibly  small  part  of  the  z  domain.  We  now 
consider  a  model  flow  for  which  explicit  evaluation  of 
the  expression  (25)  is  rather  simple.  This  model  allows 
the  separation  of  G,  and  moreover  provides  all  terms 
involving  z  and  z'  as  simple  trigonometric  functions. 
Thus  the  integration  on  z'  becomes  trivial. 

5.  A  model  calculation 

The  large-scale  flow  field  will  be  obtained  foi  a  wave 
packet  traveling  in  a  two-layer  stably  stratified  fluid. 
This  model  can  be  regarded  as  a  greatly  simplified 
representation  of  inversion  conditions  in  the  atmo- 
spheric boundary  layer.  Let  the  zero-order  state  consist 
of  a  static  layer  of  fluid  of  depth  D  and  constant  Brunt- 
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Vaisala  frequency  N l  above  which  there  is  a  second 
static  layer  of  smaller  constant  stratification  Nu(<Nl) 
extending  to  infinity  on  z. 

It  is  worth  recognizing  at  the  outset  several  conse- 
quences of  such  a  model.  Since  there  is  no  upper  reflect- 
ing boundary  and  N j}  is  positive,  the  very  long  wave- 
length, low-phase  velocity  waves  that  will  be  forced  by 
the  chosen  packet  are  all  propagating,  rather  than 
evanescent,  at  large  z.  This  means  that  a  stationary 
solution  will  only  be  applicable  to  second  order  in  the 
perturbation  theory  (which  is  the  order  pursued  here). 
A  fourth-order  calculation  would  have  to  include  the 
radiation  damping  of  the  packet.  A  related  aspect  of 
the  dynamics  is  that  since  these  very  longwaves  are 
nonmodal,  there  will  be  no  resonance  excitations  in 
this  scheme.  Modes  could  be  found  for  a  broader  (in  k 
space)  packet  and/or  a  smaller  value  of  N l  in  the  upper 
layer.  Finally,  since  the  model  is  windless,  the  break- 
down mechanism  we  wish  to  examine  is  operating  under 
very  unfavorable  conditions.  A  background  wind  shear, 
and  hence  an  associated  finite  zero-order  Richardson 
number,  would  require  lower  packet  amplitudes  to 
provide  subcritical  perturbed  Richardson  numbers. 

The  eigenmodes  <f>w(k,z,u),  the  Green's  function 
G(z,z',K),  the  source  function  S(x,z)  and  the  flow  il(x,z) 
in  this  system  are  presented  below. 

a.  The  modes 

From  (10)  and  (11)  the  eigenmodes  of  the  system 
must  be  solutions  of 


with 


d24>„     rN2k2 

+ 

dz2 


A2  = 


— — k2  k=o, 

:V*2(<AV),     z>D 


z<D 


Nl2, 
and  the  boundary  conditions 

0^  =  0    at    s  =  0    and    z=°o. 


(26) 

(27) 

(28) 


Both  $w  and  d<j>w/dz  must  be  continuous  across  D, 
and  the  standard  theory  shows  that  eigenmodes  will 
only  exist  for 

Nu2<u2<NL2.  (29) 

From  (26),  the  boundary  conditions  and  matching 
of  <t>w,  the  function  is 

4>w{k,Z,U)) 

-sin[£z(AV/V-l)*],  z<D 

sin[>Z>(AW-l)*]  (30) 

Xexp[-|^(z-D)(l-AVV)5],   z>D. 

The  final  condition,  matching  d<j>/dz  across  z  =  D, 
gives  the  dispersion  equation  for  the  modes 

t<m[kD(NL2/w2- 1)*]=  -  (AV-co2)  V- NU2)~K     (31) 


In  the  alternative  form 

k  =  D-l(NL2/u2-l)-* 

X[w7r-tan-1{(AL2-w2)Hco2-A„2)-i},     (32) 

we  readily  obtain  ^asa  function  of  co  for  any  branch 
n  (integer). 

We  shall  seek  to  construct  a  wave  packet  traveling 
toward  x  =  +  00 ,  so  the  acceptable  branches  are 
those  for  which  w/k  is  positive  in  the  adopted  conven- 
tion of  (7). 

Differentiating  (32)  with  respect  to  co  gives  the  group 
velocity  on  a  modal  branch  as 


Jco     w£>(AL2-co2)(co2 


Vo=— =• 


AV)1 


dk      ££>AL"V-AV)*+w3 


m 


A  little  numerical  work  with  (32)  and  {33)  provides 
everything  we  need  to  know  about  the  modes. 

b.  The  Green's  function 

In    the    Boussinesq    approximation    to    this   model, 
Eq.  (24)  simplifies  to 


d2  r  A2 

— G(z,z',K)  +  \ 

dz2  lVa2 


■K2 


G{z,z',K)  =  5{z'-z).     (34) 


It  is  easily  shown  or  checked  a  posteriori  that  for  the 
wave  packets  examined  here 


K2«- 


AV/     NL 


(<3 


(35) 


for  the  large-scale  component  of  the  flow.  Thus  an 
excellent  approximation  to  (34)  is  provided  by 


d2G(z,z',K)      N 


dz2 


f- G(z,z',A')  =  5(z'-z). 


(36) 


No  functional  dependence  on  K2  remains  in  Eq.  (36), 
but  the  sign  of  K  plays  a  role  in  determining  the  Green's 
function.  For  z  greater  than  both  z'  and  D  the  Green's 
function  corresponds  to  the  spatial  part  of  a  plane 
gravity  wave  whose  source  of  generation  is  at  lesser  z. 
The  time-dependence  of  this  wave  is 

exp  (iwt)  =  exp  {iV  gKi) , 

where  V g  is  a  positive  constant,  so  the  wave  will  corre- 
spond to  an  upward  propagation  of  energy  if  we  adopt 
the  solution 

Lim  z— >°oG (z,z',K)  =  constant  x  exp[±i(Au2/V"c2)^z], 

where  the  positive  root  is  taken  if  K  is  positive,  the 
negative  root  otherwise.  We  will  write  this  as 

Lim  2— +<x>  G(z,z',K)  =  constant  xeim\         (37) 


with 


m  =  sgn(K)(Nu2/V02)i.  (38) 
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■«-17  sin(wz)  sin(wz'),     z<D,z'<D 


The  lower  boundary  condition  is 

G(0,z',K)  =  0,  (39) 

and  the  standard  theory  of  Green's  functions  then  yields 
G{z,z',K) 

'  —  n~l[a  sin(«z)+cos(»z)]  sin(nz'), 

z>z',    z<D 

—  n~l[a  sin(wz')+cos(«z')J  sin(«z), 

z<z',    z'<D     (40) 

—  «-1[a  sin(wZ))+cos(wZ))3  sm(nz)eim<-z'~D) , 

z<D,    z'>D 


G2(z,z')-- 


/?=- 


— n  ly  sm(nD)  sin(«z),     z<D,  z'>D 
(n2  —  m2)  cos(nD)  sin(nD) 
m2  sin2(«Z>)-f-n2  cos2(nD) 

m2  sm2{nD)-\-n2  cos2(;zZ>) 


(47) 
(48) 
(49) 


where 


a  = 


n=(NL2/VG2)K 
imn-\-(n2  —  m2)  cos(nD)  sin(nD) 
m2  s\n2(nD)-\-n2  cos2(«Z>) 


(41) 
(42) 


c.  The  source  function 

Collecting  results  from  Eqs.    (16)-(20),  the  source 
function  for  the  model  appears  as 

P°~*r  d  /    /dw  \\ 

S(X,Z)  = — (  PA  — +P0V!  ■  Vw  )  > 

rGLdx\  \dt  )f 


+- 


V 

d 

dz 


/-poVx-Vu-pi-u\+— <Vi-Vpi)l.     (50) 
\  dt  /     VG  -i 


Only  the  Green's  function  for  field  points  z<D  is 
displayed,  as  the  calculation  will  be  restricted  to  the 
forced  flow  in  this  lower  region. 

We  now  seek  to  separate  the  K  and  (z,z')  dependence 
of  the  Green's  function.  For  the  first  two  regions  of 
Eq.  (40)  this  is  trivial,  but  the  third  region  contains 
the  term 

e^'-u  =  eXpli(Nu2/VG2)>(z'-D)  sgn(iO],     (43) 

which  by  itself  would  prevent  the  functional  separation. 
However,  the  Green's  function  always  occurs  in  a 
product  with  the  source  function.  In  this  third  region 
(z'>D)  this  source  function  has  the  evanescent  form 
e~2az',  where  e~°z'  is  the  characteristic  decay  rate  of  the 
modes  in  the  upper  region.  As  2a  is  certainly  very  much 
greater  than  (Nu2/Vq2)^,  the  source  function  is  effec- 
tively zero  before  exp[A7'u(z'— D)/Vq~\  departs  signifi- 
cantly from  the  value  unity.  Thus  bearing  in  mind  the 
context  in  which  it  is  to  be  used,  the  Green's  function  in 
this  region  may  be  taken  as 

G(z,z',K)  =  —  n~l[a  sin  («£>)+ cos  («D)]  sin(wz),  ■ 

z<D,    z'>D.     (44) 

Now  it  is  possible  to  write  the  separated  form 

G(z,z',K)  =Gl(z,z')+i  sgn(K)G2(z,z'),        (45) 

where  G\  and  G%  are  completely  independent  of  K. 
Explicitly 

—  »_1[j3  sin(»z)-fcos(«z)]  sin(»z'), 
z>z',    z<D 

—n~l\Jl  sin(»z')+cos(»z')]  sin(«z), 

z<z',    z'<D 

—  n~l[fi  sin (nD)+ cos (nD) 2  sin(wz), 
z<D,    z'>D 


Arguments  that  lead  to  the  Boussinesq  approximation 
in  linearized  wave  theory  apply  equally  well  in  com- 
paring the  magnitudes  of  the  various  terms  on  the  right 
side  of  (50).  So  unless  there  is  some  dramatic  cancella- 
tion among  the  leading  terms,  those  in  pi  (but  not  gpi) 
can  be  dropped,  and  factors  of  po  can  be  commuted  at 
will  with  the  operator  d/dz: 


VGl    dx 

— <Vi-v«)+- 

dz  VgPo 


pot*     & 


<V.-Vp,  |     (51) 
du\        d   /    div\ 


[1     cr  d    /    du\        d    i    div\ 

— (w2 —u2) — /  tv—  \  h — /  u —  y 
2  dxdz  dz  \     dz'      dx\    dx  r 


g       d  g      d  ~| 

(wpi)H (wpi)   • 

VgPo  dx  VGpc  dz  J 


(52) 


GiOmO- 


(46) 


In  the  wave-packet  representation  (13)  the  polariza- 
tion relations  of  (10)  allow  all  the  first-order  fields  to 
be  expressed  in  terms  of  (pw  and  its  derivatives.  On  this 
basis  the  source  function  can  be  rewritten 

po-i  1    d<p   /     r     i  d^yr     i  d<t>w-y 

S{x,z)  = /- 

VG  2  dxdz\     L     k  dz  JL     k  dz  J 

d  /r     i  d^y  \      N2  d  /r     i  dip,,-]' 

dAL     k  dzJ  /     F0d*\L     k  dz  J 

xHV.1  \ /fr-jf^l  V      (53) 

L>     J/     Vadz\         lw     J/ 
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In  the  Appendix  we  have  developed  the  properties  of 
the  angle  brace  operation  and  derived  approximate  ex- 
pressions that  are  relevant  to  these  calculations. 
Specifically,  (A12)  and  (A14)  reduce  this  source  func- 
tion to  the  form 


The  continuity  equation 

dw     du 
dz      dx 


=  0 


S(x,z)=- 


PO 


r»   d2 


2VG  dxdz 


j      /l  d^y 
1     \k   dz) 

|"l+ (w2-2(kVa)2)\A 

L      w*kV0  J      I 


po 


•i   d2 


2VG  dxdz 


-S(kc,z)0(x-VGt). 


A=AC 

XO(x-VGl),     (54) 
(55) 


allows  the  horizontal  component  of  flow  to  be  derived 
from  (57) : 

1  fx       d  d 

ii(x,z)  = 0(x-VGt)  /     dz'-diz/)— S(kc,z') 

2VGpo  Jo        dz  dz' 

1      [   fx       d  d 

/     dz'-G,(z,z')—S(kc,z') 

2Vopo\Jo        dz  dz' 

I/. 


X     /     dKe~iKH  sgn(K) 


This  is  known  once  the  (real)  eigensolution  <f>w  is 
obtained' for  wavenumber  k  =  kc.  In  (54)  the  operator 
d/dz  does  not  apply  to  the  function  N2. 

The  two  have  been  commuted  on  the  understanding 
that  (54)  be  separated  into  the  regions  z>D  and  z<D, 
with  N2  a  constant  in  each. 

d.  Formulas  jor  the  flow  fields 

The  results  of  the  previous  three  sections  allow  a 
presentation  of  the  flow  fields  in  a  form  suitable  for 
numerical  evaluation. 

Substituting  the  model  Green's  function  of  (45)  and 
the  model  source  function  of  (55)  into  the  general  ex- 
pression (25)  produces 


1     f°° 
X—  /     dx' 

2lT  J  _ao 


eiK*'0(x'-VGt) 


(58) 


w(x,z)  •■ 


■po 


+i 


(z)  i    dKe~iK*  j     dz'[Gx{z,z') 

J  —x,  JO 

i  r       po-i(z') 

sgn(K)G,(z,s')]—  /  dx'eiK*' 

27T./  2VG 


The  integrations  on  z'  are  elementary  in  this  model, 
and  the  modified  rein  version  of  O(x')  is  available  in 
standard  texts  for  the  more  orthodox  choices  of  O.  So 
spatial  plots  of  u  and  w  are  obtained  from  a  very  simple 
computational  routine. 

For  the  numerical  examples  given  below  a  Gaussian 
wave  packet  is  used.  In  this  case  the  amplitude  function 
[(A  12)  and  Appendix]  is 

A(w,k)  =  A(k) 

=  a{exp[-  (£-WA2]+exp[-  {k+kc)2/^}.   (59) 

From  this,  the  function  O(z)  appearing  in  (58)  is 
obtained  from  (A14)  as 

0(x)  =  7r*2Ae-A!*2!a|2  J     dL  exp[-Z?2/4A2] 

J  —00 


=  Cexp(— AV), 
while  the  modified  inversion 


(60) 


d2 


X- 


dx'dz' 


-S{kc,z')0{x'-VGt),     (56) 


f 

J  —a 


dKe~iKH  sgn(A> 


1       a  /•-  d 

= 0(x-  VGt)  /     dz'd&z') — S{k^') 

2VGpo  dx  Jo  dz' 

1       d  f   rx  d 

/     dz'G-,(z,z')— S(kj') 

7Gpo  dx[Jo  dz' 


1     r00 

-  /     dx'eiK*'0(x) 

>TC  J  — oo 

=  2Cw->e-*>**        dse'\ 
Jo 


(61) 


2VGpo 
X  j  j     dKe-Kxi  sgn(K) 


X—  jdx'e^'Oix'-Vol)].    (57) 

Between  (57)  and  (56)  all  distinction  between  p0(z) 
and  po  as  measured  at  some  typical  level  in  the  fluid 
has  been  suppressed. 


The  normalization  constant  C  will  be  referred  to  the 
ground  level  mean-square-velocity  fluctuations  at  the 
packet  maximum,  i.e., 

/  NL2        \       r- 
<«2(z=0))lx=o=aVM 1J2A/     dL 

\o>2{ke)    J  ;_„ 

Xexp[-(L>2/4A2)]  exp(-jc2A2) 

A^z2 

2T*c) 


or 


/  Az,2        \ 

=  ( 1  )C  exp(-a;2A2), 

\o)2(ke)      J 

C=  (— - -1)    («2(z  =  0))U_0. 


(62) 
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Fig.  1.  The  characteristics  of  the  gravest  wave 
mode  as  a  function  of  frequency. 


6.  Results 

All  the  numerical  results  given  below  are  for  a  ratio 
Nu/Ni}  =  0A  between  the  stratifications  in  the  upper 
and  lower  layers.  Fig.  1  shows  the  properties  of  the 
gravest  modes  [«=1  in  (32)]]  for  this  model.  It  is  seen 


that  the  group  velocity  of  the  packet  can  be  much  less 
than  the  phase  velocity  of  the  waves  from  which  it  is 
formed.  This  appears  to  be  the  main  reason  that  the 
large-scale  nonlinear  flows  may  be  at  least  as  important 
as  the  small  scales. 

Three  wave  packets  are  considered,  one  constructed 
at  the  high  frequency  end,  one  at  the  low,  and  one  at 
the  center  of  the  allowed  range.  Their  central  frequen- 
cies are  shown  by  «i,  C02  and  «c  in  Fig.  1. 

Figs.  2-4  give  the  horizontal  flow  speed  u  within 
these  systems.  The  vertical  scale  covers  the  region 
between  ground  level  and  the  interface  between  the 
two  layers  (at  z  =  D).  Each  curve  corresponds  to  a 
vertical  cross  section  through  the  packet  at  the  specified 
value  of  x/L,  where  the  packet  envelope  0(x)  [(60)3 
has  the  Gaussian  form  exp(— x2/L2). 

The  vertical  structure  of  the  flows  comes  from  the 
interplay  of  two  scales,  one  introduced  by  the  source 
function,  the  other  by  the  Green's  function.  The 
source  function  has  a  vertical  wavelength  Xs  of  one- 
half  that  of  the  waves  within  the  packet,  while  the 
Green's  function  has  a  characteristic  length  XG  found 
from  (40)  and  (41)  to  be  2irVG/NL.  These  two  scales 
are  shown  in  Figs.  2-4  giving  the  flow  structure.  It 
appears  that  the  flow  structure  is  largely  dominated 
by  whichever  is  the  smaller  of  the  two. 

The  vertical  component  of  the  flow  velocity  is  ob- 
tained by  integrating  the  continuity  equation.  How- 
ever, if  the  length  L  of  the  packet  is  much  greater  than 
its  height  D,  the  flow  is  essentially  horizontal. 

The  amplitude  of  the  nonlinear  flow  is  given  with 
reference  to  the  group  velocity  of  the  packet  and  the 
mean  square  of  the  horizontal  velocity  fluctuations  of 
the  waves  at  ground  level  in  the  packet  center,  i.e.,  the 
abscissa  is  uV g/(wi2)]  i=0,2=o.  On  this  scaling  the  ampli- 


z/D 
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Fig.  2.  The  large-scale  horizontal  flow  through  the  packet.  The  vertical  coordinate  is  nor- 
malized to  the  depth  of  the  lower  layer.  The  flow  velocity  is  shown  at  five  vertical  sections 
through  the  packet — at  the  packet  center,  and  at  the  front  and  rear  where  the  packet  ampli- 
tude has  fallen  to  e~l  and  e_1  of  its  central  values.  This  packet  is  constructed  from  modes 
around  u  =  0.447  Nl. 
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Fig.  3.  As  in  Fig.  2  but  for  a  packet  constructed  from  modes  about  w  =  0.742  Nl- 


tudes  in  the  three  packets  are  remarkably  similar.  More- 
over in  absolute  terms  the  differences  are  not  remark- 
able. Thus  compare  the  packets  corresponding  to 
Figs.  2  and  4.  In  the  former  the  group  velocity  is  30 
times  as  great  as  in  the  latter.  However,  the  waves 
comprising  the  first  packet  have  almost  horizontal  flow 
fields — the  ratio  of  maximum  horizontal  to  maximum 
vertical  speed  is  about  3:1,  while  for  the  other  packet 
the  flow  field  of  these  primary  waves  is  more  nearly 
vertical,  with  the  above  ratio  near  1:3.  Thus  if  we  were 
to  normalize  to  unit  kinetic  energy  density  in  each 
packet  and  express  u  in  absolute  terms,  the  flow  field  in 
the  latter  packet  would  appear  to  be  about  three  times 
as  great  as  in  the  former.  But  this  similarity  does  not 
hold  at  all  in  comparisons  of  the  flow  breakdown.  As 
will  be  seen,  the  packet  corresponding  to  Fig.  4  is  far 
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Fig.  4.  As  in  Fig.  2  but  showing  only  the  vertical  cross  sec- 
tion at  the  center  of  the  packet  constructed  from  modes  about 
w=0.949NL. 


more  likely  to  depart  from  laminar  flow  than  is  that 
of  Fig.  2. 

To  see  what  effect  the  large-scale  nonlinear  flow  has 
on  the  system  as  a  whole,  we  consider  streamlines  in  the 
frame  of  reference  of  the  packet.  In  this  frame  the  flow 
should  be  in  a  steady  state. 

Fig.  5  shows  streamline  configurations  that  result 
when  |  u  \  <  |  Vg  |  ;  confluence  of  the  streamlines  occurs 
where  u  speeds  the  flow  from  front  to  back  of  the 
packet  (u  negative  in  Figs.  2-4),  diffluence  occurs  for 
the  opposite  sense  of  u.  This  distortion  of  the  flow 
changes  the  local  stratification  of  the  system,  lowering 
the  Brunt-Vaisala  frequency  where  the  flow  broadens, 
increasing  it  where  the  streamlines  are  pinched  together. 

Fig.  6  indicates  that  if  u>  V a  over  some  range  of  x, 
there  is  no  stationary  state ;  C  is  a  focus  of  (maximum) 
continued  inflow  of  fluid,  while  D  is  a  corresponding 
point  of  outflow.  Clearly,  the  flow  cannot  be  described 
by  the  steady  streamline  picture.  Moreover,  the  per- 
turbation expansion  scheme  has  broken  down,  in  that 
second-order  quantities  are  now  as  large  as  some  zero 
orders. 

However,  stationary  flows  of  Fig.  5  and  the  cata- 
strophic system  of  Fig.  6  are  not  necessarily  achievable 


Fig.  5.  Schematic  of  streamlines  for  the  packet  system.  The 
vertical  dashed  lines  indicate  the  horizontal  limits  of  the  packet, 
outside  of  which  the  fluid  velocity  is  the  packet  group  velocity. 
Flow  velocity  is  indicated  by  the  arrows.  Between  streamlines  a 
and  b  the  nonlinear  flow  speeds  the  stream  back  through  the 
packet,  while  between  b  and  c  it  opposes  the  particle  motion. 
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Fig.  6.  As  in  Fig.  5,  but  now  the  nonlinear  component  of  the 
flow  opposing  the  stream  exceeds  the  inflow  rate  causing  a  break- 
down of  the  steady  streamline  hypothesis. 


for  a  given  packet.  In  the  first  place  the  lifetime  of  the 
packet  is  limited,  and  this  restricts  the  degree  to  which 
the  system  can  approach  its  hypothetical  final  state. 
In  the  second  place  there  is  a  hierarchy  of  possible 
instabilities  and  cascades,  at  both  the  short  and 
long  scales,  which  may  alter  the  entire  character  of 
the  flow. 

Suppose  the  flows  u  could  be  instantaneously  switched 
on  at  some  initial  instant.  The  streamlines  would 
begin  to  distort  from  parallel  straight  lines  at  a  rate 
determined  by  the  convergence/divergence  of  fluid 
along  them.  For  an  infinitely  long  packet  (w  — »<» ) 
there  will  be  no  distortion  of  the  lines  at  any  finite 
later  time. 

Approximately,  if  the  instantaneous  separation  of 
two  streamlines  is  rj  the  development  of  i\  is  given  by 

dr}       dii 

r/— =  0 

di       dx 

(which  is  exact  only  at  the  initial  instant)  or 

/du\ 
7,(0  =  17(0)  exp  —  t) 

~t>(0)  exp(umaj/L). 

The  final  value  tj(oo)  of  7j,  if  it  exists,  is  approximately 

VG 
,,(«)  = ,(0), 

vG— a 

whence  the  time  required  to  reach  this  state  is 
L     /    V, 


t, 


~_in y 


Even  if  L  is  relatively  small,  the  "final  state"  indi- 
cated by  the  stationary  solution  will  not  be  reached, 
since  dispersion  of  the  packet  both  weakens  the  flow  u 
and  increases  the  effective  value  of  L.  If  u  is  large,  then 
either  the  streamline  breakdown  of  Fig.  6  or  secondary 
instabilities  discussed  below  become  important.  Thus  it 
appears  that  the  flows  shown  in  Figs.  2-4  rarely  (if 
ever)  lead  to  a  stationary  distortion  of  the  form  shown 
in  Fig.  5.  For  weak  flows  the  streamlines  will  remain 


nearly  plane  parallel,  while  for  strong  flows  they  will 
be  destroyed. 

If  the  energy  density  in  the  wave  packet  is  large,  two 
sets  of  possibly  competing  nonlinear  processes  must  be 
considered.  At  the  short  scales  there  can  be  a  cascade 
of  energy  from  the  basic  waves  into  the  sequence  of 
higher  harmonics,  while  at  the  large  scale  the  shears  in 
the  flow  can  lead  to  Kelvin-Helmholtz  type  instabili- 
ties and  subsequently  turbulence.  A  qualitative  estimate 
of  the  relative  importance  of  the  two  can  be  made. 

Kelvin-Helmholtz  instabilities  are  likely  to  set  in  if 
the  Richardson  number  Ri  falls  below  0.25  anywhere 
in  the  flow.  The  cascade  will  commence  when  the  ampli- 
tudes of  the  wave  velocity  perturbations  approach  the 
wave  phase  speed. 

For  the  packet  in  Fig.  2  the  minimum  Richardson 
number  in  the  flow  u  occurs  around  x  =  0,  z  =  0A5D. 
Using  these  values 


Ri  = 


\ ■  L 


or 


\dzj      \     DVGJ 

L    \vGJ  \nldJvp2j 

.   r     <«i2>T2 

Ri  =    1.42 . 

L      vvJ 


for  the  packet  in 


Thus  the  Richardson  number  will  reach  the  critical 
value  of  |  only  for  flows  in  which  (uiz)/VPz>l,  so  the 
cascade  process  sets  in  first. 

The  situation  is  very  different 
Fig.  4.  Now  the  analysis  gives 


(Ri)r 


so  the  shear  instabilities  will  occur  for  wave  packets 
that  are  two  orders  of  magnitude  too  weak  for  cascading. 
The  packet  in  Fig.  3.  is  between  these  clear  cut 
extremes  yielding 


(Ri)r 


/     «i2)\-2 

,=    4.8 ) 


which  by  itself  is  insufficient  to  determine  whether  one 
process  will  dominate. 

Cascading  at  the  smaller  scales  and  shear  instabilities 
on  the  large-scale  flow  have  been  presented  here  as 
though  they  were  competing  processes.  More  realisti- 
cally the  cascading  will  modify  the  large-scale  flow 
profile,  but  this  does  not  necessarily  imply  a  weakening 
of  the  shears  within  it.  If  cascading  occurs  to  any  signifi- 
cant extent,  the  wave  spectrum  within  the  packet  be- 
comes multipeaked.  The  analysis  of  the  Appendix  must 
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Fig.-  7.  An  FM/CW  radar  record  showing  a  stack  of  quasi-horizontal  layers  of  turbulence  in  a  tropospheric  inversion.  The  light  areas 
correspond  to  radar  returns  from  small-scale  turbulence.  Undulations  in  the  layers  suggest  wave  activity  throughout  the  region. 


then  be  modified  to  extract  the  large-scale  flow  contribu- 
tions from  each  of  these  localized  maxima  in  the  weight- 
ing function  A(k).  The  result  will  be  a  superposition  of 
flows,  one  from  each  of  the  harmonics.  The  amplitude 
of  the  flows  shown  in  Figs.  2-4  is  proportional  to  the 
energy  density  within  the  packet.  If  this  energy  is 
shared  without  loss  through  a  sequence  of  "packets," 
the  amplitude  of  the  total  large-scale  flow  will  be  rela- 
tively unaffected.  The  additional  vertical  structure, 
arising  from  the  smaller  values  of  Xs  introduced  with 
each  harmonic,  may  in  fact  lead  to  more  intense  shears 
at  some  altitudes.  Consequently,  Kelvin-Helmholtz 
breakdown  of  the  large-scale  flow  in  a  wave  packet 
appears  to  be  a  very  real  possibility. 


7.  Comparison  with  observations 

The  stably  stratified  boundary  layer  displays  a  great 
wealth  of  wave  activity  and  is  the  obvious  place  to  seek 
examples  of  the  flows  discussed  above.  Figs.  7  and  8 
are  examples  of  radar  and  acoustic  sounder  records 
showing  rather  regularly  spaced  horizontal  layers  of 
turbulence.  Similar  records  can  be  found  in  Gossard 
and  Richter  (1970),  Gossard  et  al.  (1971),  Metcalf  and 
Atlas  (1973)  and  Gossard  (1974). 

It  is  tempting  to  interpret  these  laminae  in  terms  of 
a  flow  field  of  the  form  in  Fig.  4,  with  shear  instabilities 
and  turbulence  about  the  altitudes  of  maximum  vertical 
shear. 
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Fig.  8.  An  acoustic  sounder  record  showing  layers  of  turbulence  in  the  nocturnal  inversion.  The  dark  areas  correspond  to  radar  returns 
from  small-scale  turbulence.  The  layers  are  highly  distorted,  suggesting  much  wave  activity  within  the  region. 
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We  know  of  no  such  records  for  which  detailed 
spectra  of  the  wave  activity  in  the  region  are  also 
available.  We  hope  that  a  suitable  data  set  will  become 
available  in  the  future,  allowing  a  quantitative  test  of 
the  theory  to  be  made.  Clearly  the  theory  will  have 
to  be  modified  to  take  account  of  the  actual  stability 
and  wind  profiles  that  exist  through  the  observed 
region.  This  implies  a  considerable  amount  of  nu- 
merical work  to  evaluate  the  source  function,  Green's 
function,  and  the  spatial  integrals  which  in  this  paper 
were  obtained  analytically.  However,  this  task  is  well 
within  the  capabilities  of.presently  available  computers. 
The  real  difficulty  lies  in  obtaining  a  detailed  data  set. 

8.  Plans  for  future  work 

We  intend  to  generalize  the  formulation  and  generate 
the  numerical  codes  that  will  be  needed  in  the  analysis 
of  the  type  of  data  set  that  would  provide  a  quantitative 
test  of  the  large-scale  nonlinear  flow  effects.  But  there 
is  another  area  in  which  these  concepts  may  be  applied. 
It  is  known  (Einaudi  and  Lalas,  1974)  that  shear  insta- 
bilities in  a  stratified  flow  occur  in  two  forms,  a  short- 
wavelength  type  that  may  properly  be  called  Kelvin- 
Helmholtz  waves,  and  a  long-wavelength  form  which 
has  the  properties  of  internal  gravity  waves.  The 
Kelvin-Helmholtz  waves  have  relatively  large  growth 
rates  in  flows  with  physically  acceptable  shears,  and 
are  often  observed  in  the  atmosphere.  But  the  internal 
gravity  waves  have  such  small  growth  rates  that  it  is 
difficult  to  see  how  they  could  ever  reach  observable 
amplitudes  through  the  shear  mechanism.  Neverthe- 
less, observation  above  the  jet  stream  (Hooke  and 
Hardy,  1975)  reveals  waves  which  have  just  those 
properties  expected  of  the  shear  modes  at  internal 
gravity  wave  scales  (Mastrantonio  et  al.,  1976).  A 
possible  explanation  is  that  the  packets  of  fast  growing 
Kelvin-Helmholtz  waves  force  the  modal  response  at 
the  larger  scales  through  a  near-resonance  form  of  the 
nonlinear  mechanism  described  in  this  paper.  This  idea 
is  currently  under  investigation. 
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APPENDIX 

Interactions  Across  the  Wave  Packet 

1.  Extraction   of  the  large-scale   portion   of  the  source 
function 

In  the  mathematical  development  of  this  paper 
[(14)  et  seq.~\  an  operation  denoted  symbolically  by 


angle  braces  was  used  to  extract  the  large  scale  parts  of 
a  function.  This  operation  will  now  be  defined  and 
relevant  properties  displayed. 

The  symbol  (  )  is  often  used  to  indicate  an  average, 
and  in  many  papers  dealing  with  wave  trains  of  finite 
length  local  (nonlinear)  properties  of  the  packet  are 
"extracted"  by  suggesting  an  average  over  one  local 
wavelength.  In  such  a  procedure  a  function  like 
((d/dx)Vi2)  is  strictly  zero,  while  (d/dx)(Vi2)  gives  a 
nonzero  result  displaying  the  spatial  growth  and  decay 
of  the  packet.  It  is  often  difficult,  if  not  impossible,  to 
unambiguously  define  a  local  'spatial  average  that  will 
suppress  unwanted  small  scales  while  leaving  intact  all 
terms  that  contribute  to  the  dynamics  of  the  packet 
scale  motions. 

On  the  other  hand  if,  as  is  done  here,  the  angle  brace 
operation  is  defined  as  a  projection  in  wavenumber 
space,  there  is  no  difficulty  in  eliminating  the  small 
spatial  scales  (large  wavenumber)  while  retaining  all 
contributions  to  the  larger  scales.  The  procedure  is 
unambiguous  and  has  the  distinct  advantage  that  it 
commutes  with  derivative  operators. 

Moreover,  when  applied  to  inhomogeneous  systems 
such  as  the  set  (14),  it  provides  the  large-scale  solution 
without  compromising  the  smaller  scales.  The  latter 
could  be  obtained  by  applying  the  complement  /—  (     ). 

Development  of  the  operator  (  )  will  be  tailored  to 
the  particular  needs  of  this  paper,  although  it  is  clear 
that  it  could  be  generalized. 

The  operator  (  )  is  applied  to  by-products  of  linear- 
ized fields  [(14)]  that  can  be  expressed  as  packets  of 
modes  [(12)  and  (13)]. 

The  form  given  to  the  packets  in  (12)  and  (13)  can 
be  shortened.  We  assume  that  the  modes  are  accom- 
panied by  a  dispersion  relation  that  provides  a  unique 
relationship  between  u  and  k  over  the  packet.  Then 
treating  w  as  a  given  function  of  k  the  packet  representa- 
tion reduces  to 


f(x,z,t)=ifw(k,zMk)y  (ad 

dkA(a(k),k)fw(k,zMk)) 

XexppM*)/ -£*)]•     (A2) 


J  — i 


All  functions  [/„,]'  that  occur  in  the  formulation 
correspond  to  physical  variables,  requiring  the  reality 
conditions 


A(-k)  =  A*(k)   ' 
o>(—k)  =  —u(k) 

fw(z,  -k)  =  f*w(z,k) 


(A3) 


where  the  asterisk  represents  complex  conjugation. 
The  general  form  of  the  function  on  which  the  angle 
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braces  act  can  be  written  as  Inserting  these  expressions  into  (47)  yields 

Fto)  =  [/i]'[/2]'  (F{x,z,t)) 

/OO  «O0 

dkj    dktAMAMMtMMzM)  f  »  f  totrttt    \fn    \m*  /th\fn.\ 

.«           J-*  =             flfl/        ^■,{\_f1(kl,z)f2(kc,z)+^lf1(kc)f2(kc) 

J  -A  J  -A 


Xexp[t(co(^i)/+w(^2)^— kix— k2x)~\.     (A4) 
We   assume   that   A  (k)    peaks   about   some   value 


+teMkefz)f?{ke)]A(ke+t1)A*(ke+h) 


\k\  =kc  and  is  effectively  zero  outside  of  a  narrow  band  /  A\ 2 

kc-A^\k\^kc+A.  (A5) 

This  is  the  usual  condition  for  a  well-behaved  wave  .    .'       _*. 

packet,  and  it  provides  a  clear  way  of  separating  the  =  -Relf1{kc,z)f2{kc,z)]0(x-VGt) 

scales.  Consider  the  double  k  space  integration  in  (A4).  ,  . 

If  ki  and  k2  have  the  same  sign,  the  integrand  contribu-  Tmr  /  ty  \  f*ih   „\      f  (y   ,\  f'*n,  \i 

tions  have  wavenumber  of  order  ±2#c ;  when  they  have  qx 

opposite  signs,  contributions  arise  from  wavenumbers 

of  order  ±2A.  Thus  the  large  scale  part  of  F(x,z,t)  is  -2  R.z[_fi(k<-)ft{kc,z)+fl(kc,z)f2*(kc)~] 

obtained  by  limiting  the  two  k  space  integrations  to 
opposite  halves  of  their  domains:  [~  dB(x—VGl)~\        /  A\2 


r  d.^u-^G/n      /Ay 

XlmB*(.t-M +°(-)>      <A12> 

/  rf^i  /  dk-i  where 

B(x-VGi)=        dU(kc+fiexp\j{(VGt-x)J    (A13) 

./-A 


■(*c+A)  , —  (itc-A) 

<F(*A0>- 


(fcc-A)  /•(**+ A) 


dkj 
-(*e+A)  J  (kc-A 


i   (  dkil  dk2 

i) 


fi(z,ki)Mz,h)A(h)A(h) 


Xexp\j(fa(ki)t+u(ki)t-(ki+kz)x)'},     (A6) 


O(a;-Fg0=|j??U-Fg0I2.  (A14) 


If  5  is  real  within  a  constant  phase  factor,  the  third 
which  is  recast  using  the  reality  conditions  (A3)  into  the     term  in  (A12)  win  be  identically  zero.  Many  simple 

iorm  forms  of  the  wave  packet  A,  for  instance  a  Gaussian 

(F(x  z  t))  shape  peaking  at  kc,  lead  to  this  property  in  B. 

The  numerical  work  in  this  paper  used  such  a  packet 
/■<*«+*)         /.{M-A)  shape. 

=  /  (ifcj  dkifiizJidfiizMA&M*^ 

2.  Comparison     with     the     real-space     wave     packet 
Xexp[i(to(&i)/-u(£2)/-(#i-*2)*)]+cc,     (A7)  representation 

where  cc  is  the  complex  conjugate  of  the  function  pre-  Many  authors   (see  e.g.  Grimshaw,   1977)  chose  to 

ceding  it.  This  completes  the  definition  of  the  operator  use  a  wave  packet  represented  a  priori  in  x  space,  rather 

(  ),  but  it  is  expedient  to  obtain  approximations  to  than  in  k  space  as  has  been  done  here.  Since  there  is 

(A7)  based  on  expansions  in  the  small  parameter  A/kc.  always  a  one  to  one  correspondence  between  the  two 

To  do  this  let  representations,  identical  results  must  be  obtained  by 

k\  =  kc-\-£i\  either  route  when  the  same  order  of  approximation  is 

,   _ ,    ,      I                               (Ao)  maintained.  To  demonstrate  this  we  briefly  establish 

2       c  the   correspondence  between   the   two   approaches  in 

and  expand  functions  of  k  to  first  order  about  k  =  kc:  evaluating  one  particular  term  of  (52),  namely  (wpi). 


f(k,z)  =  f(kc+z)+t— 
dk 


+  . 

k=kc 


=  /(M-z)+f/'(£c)+...,  (A9) 

do) 


dk 


=  <*(ke)+tVa+---.  (A10) 


Equation  numbers  prefixed  G  refer  to  equations  in  the 
paper  by  Grimshaw  (1977). 

In  the  wavenumber  representation 

w=  I     dkAiw^^e^'-"^,  (A15) 

J  —  00 

Pl=  I     <*JK*/w)pU  («,&)**(*><<««-**>.      (A16) 

J  —  00 
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Hence  using  fi  =  <pw  and  /2=  (i/o))p'0<pw  in  (A12)  gives 

O- (Ai7) 


FG          dO(x-VGt)        /AN 
(wPl)=po~  \4>u  |2 -+0( 


dx 


The  other  approach  is  to  start  from 

w  =  B(x,i)4>wei(-ut-kz)+cc 

+higher  corrections  [cf.  G(2.13)],     (A18) 

where  the  space  and  time  variations  of  B  are  assumed 
to  be  much  longer  scale  than  the  variations  contained 
in  the  exponential.  Manipulating  the  linearized  equa- 
tioys  of  motion  provides 


-[ 


w+  =    B(x,l)<l>w+ 


dB 


dx 


w  =  w+-\-w+ 

ipoW+     po  dw+ 


ib    exp(iul—kcx) 

[cf.  G(2.26)] 

-cc    [cf.  G(3.5)], 


(A19) 


(A20) 


where  d/dt*  acts  only  on  the  envelope  function;  as  a 
result  averaging  over  the  phase  of  the  exponential  and 
taking 

— =  _  Vg—  [see  If  following  G(4.6)]     (A21) 
dl*  dx 

gives  the  result  (A17)  again. 

It  is  not  clear  that  one  approach  offers  any  significant 
advantage  over  the  other  at  this  degree  of  complexity. 
Note  that  in  both  approaches  it  is  necessary  to  carry 
"higher  order"  terms  to  obtain  the  first  non-zero  con- 
tribution to  the  source  function. 
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Remote  Sensing  of  Sea  State  by  Analysis  of  Backscattered 
Microwave  Phase  Fluctuations 
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Abstract-Tbe  relative  phase  of  a  normally  incident  microwave 
signal  scattered  off  the  sea  surface  is  a  random  function  of  space  and 
time.  The  statistics  of  these  random  phase  fluctuations  contain  informa- 
tion about  the  wave-height  statistics.  This  study  demonstrates  that  the 
wave-height  spectra  can  be  deduced  directly  in  terms  of  the  spectra  of 
the  phase  fluctuations  without  recourse  to  inversion  techniques  even 
when  surface  roughness  exceeds  many  wavelengths  of  the  incident 
signal.  In  the  particular  case  of  a  nadir-directed  satellite-mounted  micro- 
wave source  operating  in  the  backscatter  mode,  the  wave-height  and 
phase  spatial  spectra  are  proportional  with  a  constant  proportionality 
of  (2k0)2,  where  k0  is  the  wavenumber  of  the  scattered  signal. 
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I.  INTRODUCTION 

MANY  techniques  have  been  suggested  for  deriving  knowl- 
edge of  the  sea  state  from  both  passive  and  active  electro- 
magnetic observations.  These  include  various  high-frequency 
(HF)  scatter  techniques  [1],  [2],  the  laser  profilometer  [3], 
the  short  pulse  microwave  altimeter  [4],  and  the  microwave 
ocatterometer  [5].  We  propose  a  new  technique  that  obtains 
direct  information  about  sea  state  parameters  from  analysis  of 
the  phase  fluctuation  spectrum  of  a  microwave  signal  reflected 
off  the  sea  surface.  The  technique  requires  an  airplane-borne 
or  satellite-mounted  microwave  source  that  illuminates  the  sea 
surface  at  normal  incidence  and  detects  the  backscattered 
return.  By  applying  the  theoretical  mode^of  scattering  that 
found  such  useful  application  to  the  problem  of  optical  and 
microwave  propagation  in  random  media,  we  are  able  to  derive 


U.S.  Government  work  not  protected  by  U.S.  copyright. 


491 


700 


IEEE  TRANSACTIONS  ON  ANTENNAS  AND  PROPAGATION,  VOL.  AP-26,  NO.  S,  SEPTEMBER  1978 


the  wave-height  spectrum  directly  in  terms  of  the  spectrum  of 
backscattered  phase  fluctuations. 

II.  ANALYSIS 

From  existing  theoretical  formulations  based  on  physical 
optics  [6],  [7]  we  can  derive  the  following  equation  for  the 
magnetic  field  backscattered  from  a  perfectly  conducting 
ocean  surface  for  a  normally  incident  spherical  wave 


'fcoCo     f     -    .e,2fc°rsec0 


2tt        Ja 


(1) 


where  k0  is  the  wavenumber  of  the  incident  radiation,  C0  is 
the  incident  polarization  vector  of  the  magnetic  field,  and  r  is 
the  distance  from  the  scattering  point  P  to  the  point  of  obser- 
vation P'  (see  Fig.  1 ).  The  origin  of  coordinates  is  at  (p,  0)  = 
(V,  y ',  0);  r  —  VPi2  +  W  -  £(Pi  +  p')l 2 ;  £  is  the  wave  height 
at  P,  d  is  the  angle  from  the  nadir  to  the  scattering  point  P;  A 
is  the  illuminated  area,  and  z  is  the  height  of  the  transmitter- 
receiver  above  the  mean  sea  surface.  To  a  close  approximation 
z ',  the  height  of  the  transmitter,  can  replace  z  —\  in  sec  6/r2; 
however,  in  the  phase  we  must  retain  £  because  we  assume  that 
the  wave-height  variations  are  much  greater  than  a  wavelength 
of  the  microwave  signal.  These  approximations  give 


H(p') 
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where  r0  =  VPi2  +  z'2- 

We  now  introduce  the  angle  6  j ,  which  is  the  angle  from  the 
nadir  to  the  mean  sea  surface  plane  beneath  the  point  P,  and 
expand  the  argument  of  the  exponential  in  terms  of  B\, 


S)2 


+  2(1  -  cos  fli)^]1'2 
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(3) 


where  we  have  approximated  (1  -  cos  d±)~  \  -  0x2/2  which 
is  valid  if  0X  <  1.  Since  0X  <  60  where  90  is  the  half  beam- 
width,  assumed  to  be  less  than  a  few  degrees,  this  approxima- 
tion is  reasonable.  The  second  term  in  (3)  may  be  ignored  if 


0-o-S) 


~Mo2U<i. 


(4) 


For  a  typical  microwave  signal  (X  =  3  cm)  *0  ~  200  m—  1  and 
for  a  rough  sea  surface  £rms  ~  1  m,  the  approximation  is  valid 
if  Q0  <  4°.  With  this  approximation  applied  to  (3)  we  obtain 
the  final  working  equation 


H(p') 
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Fig.  1.  Geometry  of  seascatter.  Satellite  source  with  beam  width 
00  at  F  illuminates  surface  area  A.  Signal  is  returned  from  wave- 
height  perturbation  ?  at  point  P. 


Because  polarization  fluctuations  are  ignored  in  the  formula- 
tion, (C0  is  a  constant),  we  can  drop  the  vector  character  of 
the  scattered  field  and  deal  with  the  scalar  H  instead  of  H.  The 
first  steps  are  to  normalize  H  to  H0,  the  field  that  would  be 
received  if  the  sea  were  perfectly  calm,  and  define  y(p')  = 
H(p')/H0.  The  dependence  of  j  on  the  amplitude  and  phase 
fluctuations  of  the  backscattered  field  can  be  explicitly  shown 
by  writing  H  and  H0  in  phasor  notation,  H  =  Ae'®  and  H0  = 
A0e "*>0.  The  total  field  H  is  a  random  variable  whose  ampli- 
tude and  phase  have  both  mean  A0  and  0O  and  fluctuating 
parts  A1  and  <t>x ;  consequently,  i 


7  =  (A/A0y<*-*o>  =  (1  +A1/A0)e"t,i. 


(6) 


If  we  ignore  the  normalized  amplitude  fluctuations  with  re- 
spect to  the  enormously  larger  phase  fluctuations,  which  is  a 
reasonable  approximation  in  the  case  of  scattering  from  the 
sea  surface  (see  Appendix),  the  fluctuations  in  7  can  be 
entirely  attributed  to  phase  fluctuations,  i.e., 


■y{p')^eif^p'\ 


(7) 


The  problem  remaining  is  to  relate  the  statistics  of  7  to  the 
wave-height  statistics  by  analysis  of  (5). 
Consider  the  equation  for  7, 


7(P) 


=¥5  /W- 

2ttz  H0    Ja 


ei2k0[r0-$(Pl+(>)) 


(8) 


Both  7  and  exp  [—  i2k0i-]  may  be  written  in  terms  of  their 
two-c'imensional  Fourier- Stieltjes  amplitudes  (a  generalization 
of  the  Fourier  transform  for  random  functions;  see  Yaglom 
[8])as 


7(P')  =  / 


dy(K)eiK,P', 


and 


-i2fe0£(Pl 
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(10) 


Substituting  (9)  and  (10)  into  (8),  we  obtain  the  relationship 
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between  the  random  amplitudes  t/7  and  dB  in  the  form 

-ikQC0      f  ei2k0r0+iK-Pl 

dy(K)  = ; —     /    d2Pl-  -dB(K).  (11 

2nz  H0    JA  r0 


Equation  (11)  demonstrates  that  dy,  which  can  be  related  to 
the  phase  fluctuations  by  means  of  (7),  is  simply  the  random 
spectral  amplitude  dB  (K),  which  depends  upon  the  wave- 
height  variations  times  a  weighting  function  /(K),  that  is, 


result  into  (16),  we  obtain 

£,-2(e02D?(p1-p2) 


L'Ki-pi  j  e -'Kl,P2(dB(K1)dB*(K2)>.  (1 


9) 


dy(K)  =  /(K)  dB  (K), 
where 


(12) 
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For  a  circular  illumination  pattern  of  diameter  D,  substitute 
K  =  (A',  9)  and  integrate  over  angles 

~lk0C0      CD'2  ei2k0sJPl2+z'2 

zH0      J0  \Jpl2+z2 

(14) 

where  /(K)  is  now  a  function  of  only  the  magnitude  of  the 
two-dimensional  wavenumber  K. 

From  (12)  and  (14)  we  can  calculate  the  power  spectral 
density  of  dy  in  terms  of  the  power  spectral  density  of  dB  and 
ultimately  relate  the  phase  statistics  to  wave-height  statistics. 
First,  we  multiply  (12)  by  its  complex  conjugate 

(d7(Ki)d7*(K2)>  =  /(K!)/*(K2)<dB  (Kx)  dB*  (K2)>,      (15) 

and  from  the  definition  (10),  calculate  the  expression  in  the 
angle  brackets  on  the  right  side  of  (15),  that  is 

(c-i2fe0U(Pl)-*(P2)l) 

=   pKx  -Pl    f  c-|-K2.p2<dB  (Ri)  dB*  (K2)>  (16) 

If  £  is  assumed  to  be  a  zero-mean  statistically  homogeneous 
Gaussian  random  variable,  which  is  a  reasonable  assumption 
for  the  wave-height  fluctuations  [2] ,  it  is  not  difficult  to  show 
that  [9] 

<e-l2fe0[^(p1)-C(p2)])  _  e-2fe02D?(p1-p2))  (j7) 

where  D^  is  the  so-called  structure  function  of  the  wave-height 
variations  defined  by 


£*(/>!  -P2)  =  <U(P1)-S(P2)]2> 

=  2a£2[l  -*t(Pi  -p2)]; 


(18) 


and  o^2  and  R^  are,  respectively,  the  variance  and  the  spatial 
correlation    function   of  the    wave   height.    Substituting   this 


On  the  left  side  of  (19)  we  have  a  function  of  (pj  p2)  alone 
(a  consequence  of  the  statistical  homogeneity  assumption).  In 
order  to  have  a  similar  dependence  on  the  right  side,  the  quan- 
tity in  the  angle  brackets  must  have  the  form 

<dB  (Kj)  dB*  (K2)>  =  f(K1)6(K1  -  K2V2Kl£/2K2.      (20) 

Substituting  this  result  into  (19),  we  find  that  F  satisfies  the 
relation 

e-2h02Di(p1-p2)  _.   /rf2K2F(K2yK2-<Pi-P2>        (21) 


and  of  course,  by  the  Fourier  inversion  theorem 

F(K)  =  -1-    [d2 pe-2fc02D?(p)e-,K.p 


(22) 


Equation  (22)  has  the  same  form  as  the  classic  integral  for  the 
average  received  power  that  appears  in  nearly  all  treatments  of 
plane-wave  scatter  from  rough  Gaussian  surfaces  since  Isa- 
kovich's  [10]  pioneering  work  in  1952.  The  principal  contri- 
bution of  the  subsequent  analysis  is  (1)  to  show  how  this 
result  can  be  extended  to  spherical-wave  scatter  via  simple 
transfer-function  concepts,  and  (2)  to  employ  these  concepts 
to  derive  the  statistics  of  the  received  signal  phase,  rather  than 
its  average  intensity. 

By  an  analogous  procedure  we  can  determine  the  form  of 
the  left  side  of  (15).  From  (9)  and  (7), 


<7(Pi)7*(p2)>  =  <e,[0l(Pl)"0l(P2)]> 

=   /g'Kl'Pl     /  e~'K2-P2 

X  <dyQH1ydy*(K2y>. 


(23) 


Again,  if  it  is  assumed  that  the  phase  fluctuations  0a  are  nor- 
mally distributed,  we  can  take  recourse  to  the  theorem  for 
Gaussian  random  variables  as  in  the  steps  leading  to  (17);  then, 

<e'[0l(Pl>-01<P2>])  =  e-*£>0<Pl-P2>=    /g»Kl"Pl 

-''K2-P2<rf7(Kly7*(K2)>, 


/' 


(24) 


where  D$  is  the  structure  function  of  the  phase  fluctuations. 
In  order  to  have  the  px  -  p2  dependence  on  the  right  side  of 
(24), 

W7(K1)d7*(K2)>  =  GflCiWKi  -  K^Kj^Kjs,  (25) 
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G  must  satisfy 


<f-WD0<p)=   fd2KG(K)eiK'(' 


and  the  inverse  relation 


C(Kx 


(2tt)2; 


(26) 


(27) 


We  now  can  substitute  (25)  and  (20)  into  (15)  and  obtain 
G(K1)  =  \I(K1)\2F(K1). 


The  result  of  the  steps  leading  to  (28)  is  to  transform  the  scat- 
tering problem  to  the  spatial  frequency  domain.  The  conven- 
tional approach  to  sea  scatter  calculations  is  to  take  a  form  of 
the  physical  optics  integral  (5)  and  to  determine  the  desired 
statistics  of  H  by  approximating  the  integral,  e.g.,  assuming 
plane  wave  incidence,  applying  stationary  phase,  etc.,  using 
information  about  typical  surface  roughness  parameters,  and 
averaging.  Equation  (28)  demonstrates  that  the  statistics  of  H 
may  be  determined  exactly  by  transforming  the  scattering 
problem  into  the  spatial  frequency  domain.  Here  the  linear 
system  aspect  of  the  problem  is  emphasized,  and  the  spectral 
statistics  of  the  received  field  G(K)  factor  conveniently  into 
two  terms,  separating  the  spectral  quantity  that  depends  on 
the  wave-height  statistics  for  plane-wave  incidence  F(K)  from  a 
quantity  |  /  j2  that  depends  solely  on  the  propagation  geome- 
try. Equation  (28)  is  the  equation  of  a  linear  system  in  the 
spatial  frequency  domain  that  describes  how  the  input  spec- 
trum (the  angular  spectrum  of  scattered  plane  waves  leaving 
the  sea  surface  F),  is  multiplied  by  a  transfer  function  |  /  |2  so 
that  the  resultant  G  =  \  I  \2F  is  the  angular  spectrum  of  scat- 
tered waves  at  the  receiver.  Examination  of  (13),  which  is  the 
definition  of  /,  reveals  that  it  is  also  the  diffraction  integral 
for  the  field  backscattered  from  a  sinusoidal  surface  irregu- 
larity of  wavenumber  K  whose  amplitude  is  small  in  terms  of 
the  radio  wavelength,  observed  at  a  distance  z  from  the 
surface.  Therefore,  the  physical  interpretation  of  |  /  |2  is  that 
it  describes  the  angular  distribution  of  power  scattered  by  a 
single  Fourier  surface  component  in  the  "slightly  rough"  or 
Rayleigh  limit  [2],  [11],  [12].  This  result  could  have  been 
anticipated,  since  from  linear  system  theory,  |  /  |2  is  the 
transfer  function  or  the  frequency  response  of  the  medium. 

Equation  (28)  can  be  solved  formally  to  give  the  wave- 
height  statistics  by  using  the  Fourier  transform.  By  inserting 
the  definition  of  F  from  (22)  into  (28),  we  obtain 

c-2k02D£0»  «  (27r)2    f  rf2Kx«'Kl'p  I  I{KX)  |-2G(K1), 


Without  any  further  approximation  we  can  find  the  wave- 
height  structure  function,  a  quantity  directly  related  to  the 
power  spectral  density,  by  measuring  the  structure  function  of 
the  phase  fluctuations  of  the  backscattered  signal,  computing 
the  Fourier  transform  of  exp  [-^D0],  multiplying  by  |  /  |~2 
[found  from  (14)] ,  Fourier  transforming  the  result  and,  finally, 
computing  the  logarithm.  In  a  practical  case,  we  would  use  the 
satellite  or  airplane  velocity  v  times  the  time  lag  r  as  the  vector 
Pj .  In  this  instance,  the  D0  would  be  computed  from  the  re- 
corded time  series  of  the  phase  fluctuations,  where 


(28)  D<t>(T)  =  <\<t>i(')-<l>iU  +  T)]2), 


(31) 


and  the  transforms  in  (30)  would  reduce  to  their  one-dimen- 
sional analogs. 

III.  APPROXIMATIONS 

In  this  section,  we  will  show  that,  for  certain  propagation 
parameters,  (28)  and  (30)  reduce  to  an  especially  simple  form. 
The  quantity  I(K)  is  defined  by 


I(K) 
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z'H0     J0 
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(32) 

where,  from  geometrical  optics,  H0  =  C0  exp  [i2Jfc0z']/(2z')is 
the  field  observed  at  the  receiver  in  the  absence  of  surface 
roughness.1  If  we  change  variables  to  y  =  Vp2  +  z'2  and  note 
from  Fig.  1  that  D/2  -  z  tan  0O,  (32)  reduces  to 


I(K)  =  -i2k 


0e-i2*<>*'    f 


dyei2koyjQ(Ky/y2-z'2). 


(33) 


After  considerable  manipulation,  this  integral  can  be  evaluated 
in  terms  of  Lommel's  functions  of  two  variables 
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or,  by  substituting  the  definition  of  G, 

/>*&>)»--     ,lnj   |  ^Kje'Ki-'l/r2 


(29)     where  the  Lommel  function  is  defined  by 

,n+2m 


-In      I d2K, 

2*o2      I  J  X 

•   (d2p1e-'Ki'Pi-v,D<t><ei) 


t/„(co.z)=  2   (-1)" 


Jv  +  2mi2)- 


(35) 


A  plot  of  |  /  |2  from  (34)  is  shown  in  Fig.  (2).  There  are  three 
important  features  of  this  curve.  First,  from  (34),  |  1(0)  \2  = 

(30)  1  The  spherical  nature  of  the  reflecting  earth  can  be  accounted  for, 

if  necessary,  by  replacing  z  in  the  denominator  by  z  +  a,  where  a  is  the 
radius  of  the  earth. 
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Fig.  2.  Plot  of  transfer  function  I  /  I2  versus  K.  For  K/2k0  =  sin  0, 
I  /  I2  is  also  angular  spectrum  of  plane  waves  scattered  from 
truncated  Fourier  component  of  surface  roughness  of  wavenumber 
K. 


4  sin2  [k0z'(\  -  sec  90)],  the  scattering  cross  section  of  a 
circular  plate  of  diameter  2z'  tan  60.  Second,  the  curve  asymp- 
totically approaches  its  final  value  of  unity  beginning  at 
K  «  2(z'  tan  0O)_1 ,  indicating  the  irregularities  in  the  surface 
roughness  that  are  larger  than,  or  of  the  same  order  as,  the 
beam  diameter  are  severely  affected  by  the  truncated  illumina- 
tion of  the  beam  pattern;  whereas,  higher  spatial  frequencies 
are  not.  Third,  the  cutoff  of  |  /  I2  occurs  at  a  spatial  wave- 
number  K  =  2k0  tan  0O.  These  three  characteristics  have 
simple  physical  interpretations.  The  quantity  I  /  I2  describes 
the  first-order  Bragg  scattering  properties  of  different  Fourier 
components  of  the  surface  roughness  that  are  truncated  by  the 
finite  illumination  pattern  of  the  transmitter.  For  very  low 
spatial  frequencies  (K  -*  0)  the  irregular  surface  resembles  a 
flat,  circular  plate  so  that  the  power  at  K  =  0  should  be  pro- 
portional to  the  scattering  cross  section  of  that  particular 
geometry.  As  observed,  the  scattering  properties  of  short- 
wavelength  Fourier  components  of  surface  roughness  (much 
less  than  the  beam  diameter  2z'  tan  0O)  are  essentially  un- 
affected by  the  truncated  illumination  pattern,  whereas  larger 
spatial  wavelengths  will  have  their  scattering  lobes  consider- 
ably broadened.  Finally,  from  the  Bragg  theory,  surface  irregu- 
larities of  spatial  wavenumber  K  will  backscatter  energy  at  an 
angle  0  =  sin-1  [Kl2k0] .  Clearly,  when  K/2k0  >  tan  0O  most 
of  the  energy  will  be  scattered  out  of  the  receiving  cone.  This 
accounts  for  the  precipitous  decrease  of  |  I  \2  beyond  the 
point  K  =  2k0  tan  0O. 

A  useful  engineering  approximation  for  |  /  |2  can  be  ob- 
tained from  (34): 


i  +y02(^'tane0) 

—  2  cos  [2k0z'(\  —  sec  60)]JQ(Kz'  tan  0O), 

(36) 
(otK  <2k0  tan  0O 

0,         for  K  >  2k0  tan  0O. 


KK) 


\2  - 


From  Fig.  (2),  we  see  that  |  /  |2  «  1  in  the  region 
(z'  tan  0O)_1  ^  K  <  2k0  tan  0O.  For  typical  satellite  param- 
eters 0O  ~  0.05,  k0  =  200  m_1,  and  z'  ~  106  m,  we  have 
2  X  10-5  m_1  <  K  £  20  m_1 .  Over  this  broad  spectral  range 


the  angular  spectrum  of  plane  waves  arriving  at  the  receiver 
G(K)  is  identical  to  the  angular  spectrum  of  scattered  waves 
just  above  the  ocean  surface  F(K). 

Because  there  is  negligible  area  under  |  /  |2  in  the  region 
0  <  K  <  10(z'  tan  0O)_1  compared  with  the  region 
10(z'  tan  0O)_1  <  K  <  2k0  tan  0O  for  a  typical  satellite 
geometry,  we  make  a  negligible  error  by  assuming  that  I  /  I2  is 
roughly  constant  throughout  the  entire  region  0  <  K  < 
2k0  tan  0O.  From  (28)  we  see  that  C(K)  =  F(K)  |  /  |2.  If  F(K) 
has  no  significant  power  beyond  K  =  2/c0  tan  0O,  then  G(K)  = 
F(K),  and  from  their  respective  definitions,  [(22)  and  (27)] 
D<t>(fi)  =  4k02D^{p).  Hence,  the  wave-height  statistics  are 
proportional  to  the  phase  statistics. 

To  estimate  the  bandwidth  of  F(K),  note  that  F(K)  is  the 
power  spectral  density  of  exp  [i2k0%]  with  £  a  random  vari- 
able. \  reasonable  estimate  of  the  bandwidth  of  a  phase 
modulated  signal  is  the  maximum  instantaneous  spatial  fre- 
quency. For  a  phase  modulated  wave  exp  [/</>(*)]  the  band- 
width 6  <  (90/9*)max-  In  tne  case  of  phase  modulation  due 
to  ocean  waves  5  ~  2k0s  where  s  is  the  rms  wave  slope.  Again, 
to  minimize  spectral  distortion,  the  bandwidth  of  F(K)  must 
be  less  than  the  spectral  width  of  |  /  |2,  i.e., 


tan  0a  >  s. 


(37) 


For  s  =  0.04  a  half-beamwidth  of  approximately  three  degrees 
will  satisfy  (36).  Under  this  approximation,  the  phase  statistics 
and  wave  height  statistics  are  proportional,  that  is 


Dfiip) 


4k02D^(p). 


(38) 


IV.  CONCLUSIONS 


We  have  shown  that,  for  reasonable  microwave  propagation 
parameters  (/0  ~  10  GHz,  k0  ~  200  m-1,  0O  ~  0.05  rad 
antenna  half-beamwidth),  the  phase  structure  function2  can  be 
written  directly  in  terms  of  the  wave-height  structure  function 
giving 


D*(P)  =  ^k02Di(p). 


(39) 


This  also  implies  the  following  relationship  between  the  signal 
phase  spatial  spectrum  50(K)  and  the  two-dimensional  wave- 
height  spatial  spectrum  5(K): 


50(K)  =  4k02S(K). 


(40) 


A  satellite  traversing  a  line  can  measure  the  above  quantities 
only  along  a  single  direction,  i.e.,  K  =  K  cos  ax  +  K  sin  ay, 
where  a  is  the  nadir-pointing  track  angle  with  respect  to  an 
arbitrary  x-y  coordinate  geometry  at  the  earth's  surface.  This 
unidirectional  wave  spectral  measurement  is  identical  to  that 
obtained  from  an  airborne  laser  profilometer,  where  the  re- 
ceived signal  phase  (or  time  of  flight)  varies  in  direct  propor- 
tion to  the  height  of  the  sea  as  the  instrument  "profiles"  the 
ocean  waves.  The  important  conclusion  to  be  drawn  here  is 
that  the  final  spectral  results  (40)  are  identical  for  the  laser 
profilometer  and  the  microwave  nadir-pointing  phase-measur- 
ing radar,  even  though  the  scattering  mechanisms  are  entirely 
different.  In  the  former  case,  the  reflection  occurs  from  an 

2  Assumed  in  this  discussion  is  the  continuous  measurement  of 
phase  beyond  a  single  0-360°  interval. 
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infinitesimally  small  moving  spot  on  the  surface,  whereas  in 
the  latter  the  scatter  originates  from  a  continuous,  rough  sea 
patch  tens  of  kilometers  in  diameter. 

A  final,  obvious  result,  is  implied  by  (39)  and  (40),  relating 
the  rms  sea  wave  height  k  to  the  rms  signal  phase  Oq  : 


04,  =  2k0h. 


(41) 


APPENDIX  I 


In  the  derivation  of  (7),  we  ignore  the  contributions  of  the 
amplitude  fluctuations.  If  these  fluctuations  are  retained  (7) 
would  have  read 


7(p')  =  e*(p')+i0i(p')> 


(Al) 


where  x  =  In  (A/A0)  is  the  logarithm  of  the  relative  amplitude 
of  the  received  signal.  The  contribution  of  x  in  the  final  result 
(38)  can  be  estimated  by  computing  (77*).  If  we  assume  that 
fluctuations  in  x  and  0X  are  uncorrected,  then 

<7(p')7*0'  +p)>  =  <<?*<P'>+*<p'+p)><e<l0i(p'>-0i(p'+p))) 

(A2) 

From  (24)  the  second  factor  of  (A2)  can  be  written  in  terms 
of  the  phase  structure  function,  and  we  obtain 


<7(p')7*(p'  +  p)>  =  <e*(p')+*(p'+P)>e-VaD0<P)- 


(A3) 


To  estimate  the  error  in  ignoring  the  first  factor  we  compute 
the  indicated  expected  value  in  two  cases,  when  the  x's  are 
completely  correlated  and  then,  when  they  are  completely 
uncorrelated.  If  the  amplitude  fluctuations  are  Rayleigh  dis- 
tributed, that  is, 


P(A) 


-A2/(2<72) 


O2 


then  it  is  easy  to  prove  that 
P(x)  =  2e2xe-e2x. 


(A4) 


(A5) 


From  (A5),  we  calculate  the  expected  value  for  the  case  of 
perfect  correlation, 

<e2*>=l,  (A6) 

and  for  the  case  of  uncorrelated  random  variables, 

(exXex)  =  tt/4.  (A7) 

Therefore,  throughout  the  whole  range  of  displacements  p, 

7r/4<<e*<P'>+*<P'+P>Xl.  (A8) 

Equation  (A4)  is  the  error  attributed  to  ignoring  amplitude 
fluctuations.  To  compute  the  ultimate  error  in  the  estimate  of 
the  phase  fluctuations,  we  note  that  (A4)  enters  into  the  final 


calculation  (38)  in  the  form 

D<t>(fi)  =  4fc02^(P)  +  2  In  [<**<p'>+*(p'+p>>] . 


(A9) 


The  second  term  ranges  between  zero  and  2  In  (n/4)  -  -0.48 
as  p  increases.  In  the  same  range  of  p,  the  first  term  goes  from 
zero  to  4fc02(j£2,  where  a^2  is  the  waveheight  variance.  For  a 
rough  sea  surface  o^  ~  1  and  Ak02oi2  ~  1.6  X  105.  Clearly, 
the  error  introduced  by  ignoring  amplitude  fluctuations  is 
insignificant. 

APPENDIX  II 

As  pointed  out  by  the  reviewers,  there  is  an  additional  more 
fundamental  interpretation  of  (28)  in  terms  of  the  coherence 
function  of  the  wave  field  upon  reception.  Actually,  the 
coherence  history  is  recorded  in  (28).  Initially,  the  wave 
emitted  by  the  antenna  of  aperture  size  d$  illuminates  the  sea 
surface  with  a  wave  that  is  coherent  over  its  illuminated  spot 
diameter  D  ~  2z'/(k0dQ).  Immediately  upon  reflection  the 
wave  phase  front  has  the  same  corrugations  as  the  sea  surface 
itself;  therefore,  the  coherence  properties  just  above  the  sea 
surface  are  determined  by  the  properties  of  the  rough  surface. 
The  coherence  function  of  the  wave  back  at  the  receiver  will 
be  a  convolution  of  the  surface  statistics  and  purely  geomet- 
rical propagation  factors  such  as  X,  z  ,  and  d0. 

To  illustrate  these  points,  we  return  to  the  Fourier  trans- 
formed version  of  (28) 


M(p)  = 


<//(p')//*(p'  +  p)> 


!//0  I2 


=  fd2KieiK 


1,p|/(*i)l2 


jd2Pl 


e-2fe02Dt(p1)-iK1-p1 

(2rr)2 


(A10) 


where  M  is  the  mutual  coherence  function  (MCF)  of  the 
received  field.  (Note  e-2fco2in<Pi>  ^  the  MCF  of  the  scat- 
tered field  at  the  sea  surface  immediately  after  scattering).  For 
illustrative  purposes  only,  we  assume  that  |  /  |2  is  a  Gaussian 
function  of  the  form 


|  /  |2  ~  g-K2H2k0  tan  0O)2 


(All) 


in  line  with  the  behavior  of  |  /  |2  exhibited  in  its  approximate 
version  (36).  We  now  approximate  D$(Pi)=  2a^2[l  —R^(j}\)] 
by  a  quadratic  function  of  p\,  that  is, D^(px)  «  2a^2Pi2/ps2 
where  from  the  definition  of  R^(Pi),  ps  is  the  correlation 
length  of  the  irregular  sea  surface  that  has  a  wave-height  vari- 
ance <j£2.  It  is  not  difficult  to  show  that  this  assumption 
reduces  the  coherence  function  of  the  wave  just  as  it  leaves  the 
sea  surface  to  a  form  consistent  with  Barrick's  [6],  [13] 
stationary  phase  solution  in  terms  of  rms  wave  slope,  that  is, 


e-2k02DK(Pl)  _  e-4fe02O£2[i_R£(p1)] 
-4fe02°t2<Pl2/PS2> 


(A12) 


To  proceed  further,  we  note  that  ps  =  2o^s    1 ,  where  s  is  the 
rms  surface  slope,  and  therefore 


-2k02Di(p1)  =e-(P!/p0«)2  =e-ko2s2Pi2 


(A13) 


496 


CLIFFORD  AND  BARRICK:  REMOTE  SENSING  OF  SEA  STATE 


705 


where  from  our  development  p0s  is  interpreted  as  the  coher- 
ence length  of  the  wave  just  as  it  leaves  the  sea  surface.  The 
form  of  (A  13)  is  now  identical  to  that  of  Barrick's  solution.  If 
we  insert  (A13)  and  (All)  into  (A10)  we  obtain  the  result 


length.  This  should  not  be  confused  with  the  coherence  length 
of  the  field  which  is  given  by  (A16)  and  is  considerably 
smaller.  The  field  decorrelates  in  a  distance  much  shorter  than 
the  distance  over  which  the  phase  decorrelates. 


M(p)  oc  exp 


1 


1 


4     \_k02  tan2  0o      k02s2 


(A14) 


so  the  coherence  length  of  the  received  field,  defined  roughly 
by  M(p0)  =  e~ 1 ,  becomes 


Po  =  2 


1 


k02  tan2  90     (k0s 


1      l1'2 


(A15) 


To  put  the  result  in  final  form,  note  that  tan  90  ~  2/(k0d0), 
so  that 


Po 


(k0s)2 


1/2 


(A  16) 


Note  that  as  the  coherence  length  of  the  field  at  the  surface 
Pos  =  (kos)'-1  -*■  0,  that  is,  the  scattering  is  completely  inco- 
herent, we  obtain  the  result  attributable  to  the  Van  Cittert- 
Zernike  theorem;  namely,  you  obtain  independent  samples  of 
the  scattered  field  each  time  the  receiver  aperture  moves  its 
diameter.  The  result  (A16),  the  modified  Van  Cittert-Zernicke 
theorem,  shows  that  in  partially  coherent  scattering,  which  is 
the  case  applicable  to  the  sea  scatter  problem,  there  is  an 
additional  surface-dependent  term  that  contributes  to  the 
coherence  length  of  the  received  field.  In  the  general  case 
do  ~  4(kQs)~ 1  so  that  a  more  complicated  inversion  proce- 
dure than  that  suggested  by  (38)  will  be  necessary  (see  com- 
ments about  (30)). 

Finally,  as  a  caution,  (38)  demonstrates  that  the  phase 
correlation  length  is  the  same  as  the  wave-height  correlation 


REFERENCES 

D.  E.  Barrick,  "First-order  theory  and  analysis  of  MF/HF/VHF 

scatter    from    the  sea,"  IEEE  Trans.   Antennas  Propagat.,   vol. 

AP-20,pp.  2-10,  Jan.  1972. 

D.  E.  Barrick,  "Remote  sensing  of  sea  state  by  radar,"  in  Remote 

Sensing  of  the  Troposphere,  V.  E.  Derr,  Ed.     Washington,  DC: 

U.S.  Government  Printing  Office,  1972,  pp.  12.1-12.24. 

P.  Wadhams,  "Airborne  laser  profiling  of  swell  in  an  open  ice 

field,"/  Geophysical  Res.,  vol.  80,  pp.  4520-4528,  1975. 

J.  T.  McGoogan,  "Satellite  altimetry  applications,"  IEEE  Trans. 

Microwave  Theory  Tech..  vol.  MTT-23,  pp.  970-978,  1975. 

C.  T.  Swift,  and  W.  L.  Jones,  Jr.,  "Satellite  radar  scatterometry," 
1974  IEEE  1NTERCON.  Technical  Papers,  Paper  No.  34/4, 
1974. 

D.  E.  Barrick,  "Relationship  between  slope  probability  density 
and  the  physical  optics  integral  in  rough  surface  scattering," 
in  Proc.  IEEE,  vol.  56,  pp.  1728-1729,  1968. 

G.  T.  Ruck,  D.  E.  Barrick,  W.  D.  Stuart,  and  C.  K.  Krichbaum, 
Radar  Cross  Section  Handbook.  Vols.  I  and  II.  New  York: 
Plenum,  1970,  pp.  50-63  and  719-727. 

A.  M.  Yaglom,  Introduction  to  the  Theory  of  Stationary  Random 
Functions.     Englewood  Cliffs,  NJ:  Prentice-Hall,  1962,  223. 
V.  I.  Tatarskii,  The  Effects  of  the  Turbulent  Atmosphere  on 
Wave  Propagation.     Springfield,  VA:  National  Technical  Infor- 
mation Service,  1971,472. 

M.  Isakovich,  "The  scattering  of  waves  from  a  statistically  rough 
surface,"  Zhurnal  Eksperimentalnoi  Teoreticheskoi  Fiziki 
(USSR),  vol.  23,  pp.  305-314,  1952.  English  translation  by  M. 
Friedman. 

Lord  Rayleigh,  Theory  of  Sound,  Vol.  II.  London:  Macmillan, 
1929,  pp.  89-96. 

S.  O.  Rice,  "Reflection  of  electromagnetic  waves  from  slightly 
rough  surfaces,"  in  Theory  of  Electromagnetic  Waves,  M.  Kline, 
Ed.  New  York:  Interscience,  1951,  pp.  351-378. 
D.  E.  Barrick,  "Rough  surfaces,"  Chapter  9  of  Radar  Cross  Sec- 
tion Handbook,  Vol.  II,  G.  Ruck,  Ed.  New  York:  Plenum, 
1970,  pp.  671-772. 


497 


Radio  Science,  13:  985-989,  1978. 
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We  have  calculated  the  intensity  profile  on  the  receiving  plane  of  a  radar-acoustic  sounding 
system  (RASS)  in  the  presence  of  varying  amounts  of  atmospheric  refractive  turbulence.  The  results 
indicate  that  the  refractive  turbulence  produces  corrugations  in  the  initially  spherical  acoustic 
wavefronts  and  these  corrugations  scatter  electromagnetic  energy  over  a  large  solid  angle  in  the 
backward  hemisphere.  The  net  effect  is  to  leave  the  scattered  beamshape  nearly  unchanged  from 
its  form  in  the  case  of  a  homogeneous  atmosphere.  Of  course  the  on-axis  intensity  is  reduced 
considerably  but  the  energy  is  scattered  into  such  a  large  solid  angle  that  this  produces  only  an 
increased  background  level  or  tails  in  the  electromagnetic  intensity  profile. 


INTRODUCTION 

The  radar-acoustic  sounding  system  (RASS)  is 
potentially  an  effective  tool  for  remotely  sensing 
temperature  profiles  in  the  lower  atmosphere.  RASS 
measures  temperature  by  launching  an  acoustic 
pulse  vertically  and  then  measuring  its  speed  by 
tracking  it  with  a  Doppler  radar,  the  absolute 
temperature  being  proportional  to  the  square  of  the 
speed  of  sound.  The  reflected  electromagnetic  wave 
would  be  undetectably  weak  if  it  were  not  for  the 
possiblity  of  taking  advantage  of  two  effects.  The 
first  is  the  constructive  interference  that  occurs 
for  the  backscattered  wave — Bragg  scattering  when 
the  electromagnetic  wavelength  is  made  twice  the 
acoustic  wavelength.  The  second  is  the  focusing 
effect  of  the  electromagnetic  wave  off  the  almost- 
spherical  acoustic  wavefronts,  which  causes  the 
returning  electromagnetic  energy  to  be  concentrated 
into  a  small  spot  perhaps  not  much  larger  than  the 
transmitting  antenna.  Each  of  the  above  phenomena 
is  capable  of  increasing  the  intensity  of  the  returning 
signal  by  several  orders  of  magnitude  and  both  are 
needed. 

The  second  phenomenon,  however,  contains  the 
seeds  of  a  major  problem:  the  fact  that  the  returning 
signal  is  concentrated  into  a  small  spot  makes  it 
difficult  to  "catch."  The  problem  arises  because 
wind  can  advect  the  pulse  horizontally  causing  the 
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spot  to  miss  the  receiving  antenna. 

Irrespective  of  what  method  is  used  to  catch  the 
spot — a  field  of  receiving  antennas,  a  movable 
antenna,  or  some  other  method — a  major  design 
consideration  is  the  spot  size  on  the  ground  or, 
more  specifically,  its  intensity  profile  on  the  ground. 
In  an  earlier  paper  [Clifford  and  Wang,  1977]  the 
intensity  at  the  center  of  the  spot  was  computed 
undeprealistic  turbulence  conditions.  In  the  present 
paper,  we  extend  our  previous  work  to  the  entire 
intensity  profile.  This  process  of  specular  reflection 
from  the  advected  acoustic  pulse  was  hypothesized 
by  North  [1974]  and  Bhatnagar  et  al.  [1977]  and 
experimentally  verified  by  Frankel  et  al.  [1977] . 

We  should  note  that  Bhatnagar  [1977]  and  Bhat- 
nagar et  al.  [1977]  predicted  that  the  coherence 
of  vertically  propagating  acoustic  waves  was  not 
affected  by  turbulence  for  frequencies  below  a  few 
kilohertz.  This  is  in  substantial  disagreement  with 
our  findings.  However,  Bhatnagar  et  al.  used  the 
model  of  altitude  dependence  of  C2„  proposed  by 
Brown  and  Keeler  [1975] .  Unfortunately,  this  model 
ignored  the  effects  on  C\  of  velocity  fluctuations 
and  hence  underestimates  C\  dramatically  for  alti- 
tudes, above  several  tens  of  meters  [see  Brown  and 
Clifford,  1976] .  If  we  assume  a  more  realistic  model 
in  which  C2„  is  a  constant  (i.e.,  ma  =  0  for  Bhatnagar 


et  al.)  and  if  we  let  C„  =  3.5  x  10 


m 


-2/3 


(the 


lower  limit  of  Eq.  (18)  of  Brown  and  Clifford), 
we  obtain  a  coherence  length  (in  the  notation  of 
Bhatnagar  et  al.)  Xc  that  is  about  800  mat/a  = 
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1  kHz.  A  further  source  of  difficulty  is  the  key 
role  that  the  outer  scale  of  refractive  turbulence 
plays  in  the  formulation  of  Bhatnagar  et  al.  For 
the  particular  functional  form  they  assume,  that 
is,  increasing  as  the  square  root  of  height,  there 
is  a  range  at  which  the  outer  scale  is  less  than 
the  beamwidth.  This  distorts  the  beamwidth  depen- 
dence which  would  occur  in  the  real  atmosphere 
because  the  outer  scale  in  the  horizontal  dimension 
is  of  the  order  of  the  largest-scale  intermittency 
in  the  refractive  turbulence.  This  can  be,  and  is 
observed  to  be,  of  the  order  of  at  least  one  kilometer 
in  the  horizontal  direction  at  heights  above  a  few 
hundred  meters,  much  larger  than  the  beamwidth 
at  these  heights. 

In  a  recent  paper,  Frankel  et  al.  [1977]  performed 
an  experiment  to  test  the  coherency  of  the  acoustic 
wave  front.  They  fixed  the  range  to  300  m,  and 
then  varied  the  pulse  length  (N  cycles)  of  the 
acoustic  wave.  The  results  indicate  that  the  received 
power  is  linearly  proportional  to  N2.  Hence  they 
concluded  that  the  coherency  of  the  acoustic  wave 
front  is  maintained.  However,  we  should  point  out 
that  this  experiment  can  only  test  the  longitudinal 
coherence  of  the  wave  and  tests  nothing  of  the 
transverse  wave  front  coherence  which  we  believe 
is  one  of  the  principal  mechanisms  of  the  degrada- 
tion of  RASS. 


ANALYSIS 

To  calculate  focal  spot  size,  we  start  from  the 
expression  for  the  electric  field  (Eq.  (4)  of  Clifford 
and  Wang  [1977]), 


ES(P)  = 


"^so^o 


d3r,rr2 


exp(/*Jp  -  r, 


2tt       J  V(R)  |p  -  r,  | 

exp  [iker,  +  x(r,)]  cos  [kar,  +  5,(r,)] 


(1) 


The  quantity  Es  is  the  electric  field  of  wavenumber 
ke,  scattered  from  an  acoustic  pulse  of  wavenumber 
ka,  observed  at  the  point  p.  The  acoustic  pulse 
has  been  distorted  by  the  refractive  turbulence 
intervening  between  the  source  and  scattering  vol- 
ume V{R)  such  that,  at  the  range  R,  it  produces 
a  refractive  index  variation  N ,  of  the  form 


tf,(r,)  =   < 


So  Re  {exp  [/*„/•,  +«Kr,)]/r,}; 

R  -  N\J2<rx  <R  +  NXJ2 
0;     otherwise, 


N  is  the  number  of  cycles  in  the  acoustic  pulse, 
i|>  =  x  +  i$i>  X  and  5,  are  the  log-amplitude  and 
relative  phase  perturbations  imposed  by  the  refrac- 
tive turbulence.  The  electric  field  incident  upon 
the  distorted  acoustic  pulse  has  an  amplitude  A0 
and  because  of  the  phase  and  amplitude  distortions 
suffered  by  the  acoustic  wave,  the  focal  spot  will 
be  smeared  out  from  the  sharp  focus  expected  in 
the  case  of  a  smooth  spherical  reflector,  by  an 
amount  that  depends  on  the  severity  of  the  acoustic 
refractive  turbulence  and  the  range  to  the  scattering 
volume. 

To  calculate  the  profile  of  the  beam  in  the 
receiving  plane  we  multiply  (1)  by  its  complex 
conjugate,  that  is, 


</(p»  =  <K(P)|2>  =  -^-T-        d3r,       "    '' 

(2ir)        )ym  '•ilp-r, 


exp(/*Jp  -r,l) 
I 


d3r, 


exp[-/7cjp  -  r2|  +  ike{rt  -  r2)] 


r<*>  r2  Ip  -  r2| 

<exp[x(r,)  +  x(r2)]  cos  [kar,  +  S,  (r,)] 
cos  [*0r2  +  S,(r2)]) 


(3) 


For  reasonable  propagation  parameters,  such  as  the 
range  assumed  to  be  much  greater  than  the  acoustic 
pulse  length,  R  »  NKa,  there  are  many  simplifying 
assumptions  that  can  be  made.  In  the  denominator 
of  the  integral  of  (3),  we  make  an  approximation 
with  negligible  error  by  setting  r,  ~  r2  ~  R  and 
because  R  :»  N\a  and  R  »  p,  by  assumption, 
then  |p  —  r,|~|p—  r2|~/?.  The  quantity  inside 
the  angle  brackets,  that  imply  an  ensemble  average, 
was  evaluated  in  Appendix  I  of  Clifford  and  Wang 
[1977]  and  found  to  be 

<exp[x(r,)  +  x(r2)]  cos  [kar,  +  5,(r,)] 

•  cos  [A:ar2  +  5,(r2)])  =  (l/2)exp[-(l/2)Z)lv(r,,r2)] 

•  cos  [ka(rt  -  r2)\  (4) 

where  Dw  is  the  wave  structure  function  defined 
by 

*Ur,,r2)  =  (  N/(r,)  -  *(r2)]2)  =  Z>x(r,,r2)  +  Z>,(r,,r2) 

(5) 
where 


(2) 


^X(r,,r2)=([x(rl)-X(r2)]2> 
and  similarly 


(6) 
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^(r1,r2)=([S1(r,)-51(r2)]2> 


(7) 


Taking  advantage  of  all  these  simplifications  in  (3), 
we  obtain 


</(p)>  = 


*.4e2o'o  (  d3r  [ 


d3r2exp{z/cc[|p  -  r,| 


(8) 


-  IP  -  r2|]  +  ike(T>  ~  r2))  cos  [ka(rl  -  r2)] 

exp[-(l/2)Z?H,(r„r2)] 

The  wave  structure  function  has  the  approximate 
functional  form  Dw(r{,  r2)  ~  Dw  [Rg,  R  ] ,  where 
g  =  [sin2 9,  +  sin202  —  2  sin 8,  sin92  cos((J>,  - 
$2)]  '  2-  [^n  an  earlier  paper,  an  erroneous  form 
of  the  angular  dependence  of  Dw  was  assumed 
(equation  (8)  of  Clifford  and  Wang  [1977]).  The 
correct  dependence  is  as  stated  here.  To  correct 
the  results,  (21)  of  that  paper  should  read/  =  H6/s. 
Figures  1  and  2  of  the  paper  can  easily  be  modified 
to  the  correct  form  by  replacing  H  by  A.2AH2  in 
the  abscissa  of  Figure  1,  and  changing  the  10  db 
range  limitation  ordinate  of  Figure  2  to  the  27  db 
range  limitation.  The  range  dependence  mentioned 
in  the  abstract  will  be  changed  to  R  26/5  in  the 
case  of  strong  turbulence.]  Substituting  Dw  into 
(8)  and  changing  to  spherical  coordinates,  we  obtain 

k4£2A2   f2"  f2"  P 

(/d»)>='°  °  \    d^  I    d<t>2  I  de.sine, 

Z™   R       Jo  Jo  Jo 

Sy  rR  +  N*.a/2  rR  +  N\a/2 

d62sine2  1  dr,r2  1  dr2r2 

0  JR-NKa/2  J  R-N\„/2 


d62  sin02 

exp{ike  [|p  -  r,|  -  |p  -  r2|  +  r,  -  r2] 
-  (1  /2)DW  [Rg,R])  cos  [ka(rt  -  r2)) 


(9) 


where  7  is  the  smaller  of  the  acoustic  or  electro- 
magnetic half  beam  widths;  -ya  and  ye  respectively. 
If  we  note  that  7  <s:  1,  r\  ~  r\~  R2  and  without 


loss  of  generality  |p  —  r, 


[p  +  ri.2~2pr,  2sin6, 


cose)),  2] l/2  then  (9)  becomes 

kUUl  [R+NK°/2      r*+"V2      p 

°'n'     A  JR-Nka/2  jR-NKa/2  Jo 


d8 1  sin  6 , 


Sy  p2lt  r  2-r 

d62sin82  \      d<J>,  I 


d^expt^^r,  -r2)\ 


cos  [ka(r,  -  r2)]  exp  [ike  [(r2  +  p2 
-  2pr,sin0,cos<j>,)1/2  —  (r2  +  p2  -  2pr2sin82 
cos«t>2),/2]}exp{-(l/2)Z)l,[/?g)i?]} 


After  expanding  the  square  roots  we  can  drop  all 
but  the  two  largest  terms  if  kep2/R  :£  1,  that  is, 
if  pmax  <  (keR)l/2.  Assuming  the  validity  of  this 
approximation  for  a  RASS  system  (with  \e  ~  0.2 
m  and  R  ~  1000  m,  then  pmax  <  14  m),  we  can 
write 


.4,2    .2     rR  +  N\a/2  rR*NKa/2 

{1{9))=tihs\      dM      drz 

OTT     J\  jR-N\a/2  JR-NKa/2 

■  exp[i2ke(rt  -  r2)]  cos  [ka(r,  -  r2)]    1    de ,9 , 

Sy  /-Zir  /-2ii 

de2e2  I     d<t>,  \    d<t>2exp{-(i/2)i>lv[/?g,/?]} 


exp  {/'A^p  [8 ,  cos  <j> ,  -  02  cos  <})2  ] } 


(11) 


To  obtain  (11),  we  have  made  the  small-angle 
approximations  sin 9,  =  9,  and  sin92  =  92.  In  (11), 
the  r,  ,r2  integrals  are  now  straightforward,  so  that 

,r,     v        **So^o   ,„      2Um[(ka-2ke)N\J2}\2 


f(p) 

where 


(12) 


(10) 


/(P)=  I  de,e,  1  de2e2  \    d<t>,  \    d<}»2 

•  exp  {-(\/2)Dw  [Rg,R]}  exp  {ikeP  [0,  cost)), 

-02cosc|>2]}  (13) 

The  function /(p)  now  determines  the  shape  of  the 
RASS  focal  spot.  The  result  of  (13),  found  by  the 
integration  procedure  shown  in  (13)— (20)  of  Clifford 
and  Wang  [1977] ,  is  plotted  in  Figure  1,  where 

tf=1.46*2*8/V/3  (   du  C2(Ru)u5/i 

Apparently,  spot  size  doesn't  change  substantially 
even  for  a  relatively  strong  turbulence  case  (H  > 
100).  This  can  be  explained  physically  by  noting 
that  the  acoustic  wave  front  can  be  decomposed 
into  two  parts,  the  unperturbed  spherical  wavefront 
and  the  random  wavefront  perturbed  by  atmo- 
spheric turbulence.  The  EM  wave  scattered  by  the 
random  part  will  radiate  to  a  very  large  angle 
(probably  the  whole  lower  hemisphere).  This  will 
produce  a  small  background  scatter  level  over  a 
large  solid  angle  on  the  receiving  plane.   In  the 


(14) 
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Fig.  1.  The  normalized  receiving  intensity  profile /(p)//(0)  of 
RASS  with  the  presence  of  turbulence.  Here  the  turbulence 
parameter  H  =  1.46  k2aR"ny5n  ^duC2n(Ru)uin,ka  and  k,  are 
the  acoustic  and  EM  wave  number  respectively;  R  is  the  range, 
7  is  the  smaller  of  the  acoustic  or  EM  beamwidth;  p  is  the 
distance  from  the  center  of  the  beam;  and  C2a  is  the  atmospheric 
turbulence  structure  constant. 

presence  of  turbulence,  the  original,  unperturbed, 
spherical  pulse  will  scatter  a  greatly  reduced  amount 
of  energy  but  into  such  a  narrow  solid  angle  that 
this  will  still  predominate  in  the  determination  of 
the  received  spot  size  and,  as  a  result,  the  spot 
size  becomes  quite  insensitive  to  the  amount  of 
refractive  turbulence. 

DISCUSSION 

We  would  now  like  to  examine  these  results  from 
a  practical  or  engineering  point  of  view.  We  want 
to  know  how  the  results  affect  the  design  and  the 
performance  of  a  RASS  system. 

At  first  glance  the  factor  ke  in  the  abscissa  of 
Figure  1  makes  it  appear  that  the  spot  size  is 
dependent  upon  the  frequency  of  the  RASS.  Actu- 
ally the  spot  radius  p  is  determined  by  key.  If  we 
assume  that  the  antenna  producing  the  smaller  beam 
is  of  fixed  size,  the  factor  keyis  constant.  Therefore 
the  spot  size  can  be  regarded  as  being  determined 
by  the  size  of  the  "controlling"  antenna  and 
independent  of  frequency. 


From  Figure  1  let  us  take  7  as  the  half-angle 
of  the  controlling  beam  (smaller  of  the  two  beams) 
at  the  3  dB  point.  (The  calculation  upon  which 
Figure  1  is  based  actually  assumes  that  the  beam 
is  uniform  within  the  cone  of  half-angle  7  and  zero 
outside  that  cone  but  for  present  purposes  this  is 
a  small  point.)  If  we  assume  that  the  controlling 
beam  is  being  emitted  from  a  uniformly  "illumi- 
nated" circular  antenna  of  radius  a,  its  relative 
beam  intensity  as  a  function  of  angle  0  will  be 

7(6)=  [U^kasin^/kasinQ]2 


or  for  small  angles, 

7(0)  =  [2Jt(kaG)/kaQ]2 

At  the  3  dB  point  this  becomes 

7(7)=  .5=  [2Jx(kay)/ka  7] 2 


(15) 


(16) 


or  ky  =  1.6/ a.  Thus,  if  the  electromagnetic  beam 
is  smaller  we  obtain  ke  7  =  1 .6  /  ae ,  and  if  the  acoustic 
beam  is  smaller  it  becomes  kay  =  1.6/ aa.  Since 
the  electromagnetic  and  acoustic  wave  numbers 
need  to  be  Bragg-matched  (i.e.,  ka  -  2  ke),  we 
obtain  key  =  0.8(aa)  '.  Therefore  the  factor  key 
in  the  abscissa  of  Figure  1  may  be  replaced  by 
\.6/ae  or  .S/aa  depending  upon  which  beam  is 
smaller. 

If  we  measure  the  spot  size  by  its  3  dB  point 
then  reading  off  the  graph  we  have  p  =  1.6(^7)"' 
=  ae  when  the  electromagnetic  beam  is  smaller 
and  p  =  2aa  when  the  acoustic  beam  is  smaller. 

We,  therefore,  conclude  that  if  the  ratio  of 
antenna  radii  a  J aa  is  significantly  greater  than  2.0 
then  the  spot  diameter  will  be  the  same  as  that 
of  the  radar  antenna.  Similarly,  if  aj aa  is  signifi- 
cantly less  than  2.0  then  the  spot  diameter  will 
be  twice  that  of  the  acoustic  antenna.  If  the  ratio 
ael aa  is  in  the  intermediate  range  near  2.0  then 
we  would  expect  the  spot  size  would  be  determined 
by  the  convolution  of  two  disks,  one  the  size  of 
the  radar  antenna  and  the  other  twice  the  size  of 
the  acoustic  antenna. 

One  practical  result  of  all  this  is  that  if  one 
attempts  to  build  a  portable  RASS  by  going  to  a 
higher  frequency  and  thereby  being  able  to  reduce 
the  antenna  sizes,  as  suggested  by  Frankel  et  al. 
[1977] ,  the  spot  size  is  going  to  be  reduced  accord- 
ingly, making  it  harder  to  catch. 
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CONCLUSION 

We  have  calculated  the  received  intensity  profile 
of  RASS  as  perturbed  by  atmospheric  turbulence. 
Using  a  realistic  turbulence  model,  the  results 
indicate  that  the  received  intensity  profile  (spot  size) 
remains  unchanged  for  weak  and  strong  turbulence. 
We  have  also  pointed  out  that  the  limiting  range 
obtained  by  Bhatnagar  et  al.  [1977]  would  be 
smaller  if  a  realistic  turbulence  model  were  used 
in  their  theory. 

Acknowledgments.  We  are  indebted  to  N.  Bhatnagar  for 
pointing  out  the  erroneous  assumption  of  our  previous  paper. 
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2.  The  Classical  Theory  of  Wave  Propagation 
in  a  Turbulent  Medium 

S.  F.  Clifford 
With  9  Figures 


An  important  consideration  in  any  description  of  laser  propagation  in  the 
atmosphere  is  the  geometry  of  the  optical  path.  The  influence  of  various  kinds 
of  optical  scatterers  is  often  quite  sensitive  to  the  transmitter-receiver  con- 
figuration. For  example,  the  type  of  atmospheric  refractive  index  irregularities 
that  we  consider  important  in  this  work,  where  forward  scatter  dominates,  has 
a  negligible  effect  when  we  calculate  their  contribution  to  backscatter.  We 
restrict  our  attention  in  this  book  to  the  problem  most  commonly  known  as 
line-of-sight  optical  propagation.  The  receiver  is  in  full  view  of  the  transmitter 
such  that,  in  the  absence  of  the  atmosphere,  the  irradiance  would  be  constant  in 
time,  with  a  value  determined  by  the  transmitter  geometry  plus  vacuum 
diffraction  effects.  The  introduction  of  the  atmosphere  between  source  and 
receiver  produces  spatial  and  temporal  fluctuations  in  the  received  irradiance 
and  other  wave  parameters  such  as  phase,  angle  of  arrival,  and  frequency  that 
are  due  to  random  variations  in  atmospheric  refractive  index  along  the  optical 
path. 

This  problem  should  be  differentiated  from  wave  scattering  where  the 
scattering  volume  is  remote  from  both  the  transmitter  and  receiver  and,  in  the 
absence  of  refractivity  fluctuations  to  deflect  some  of  the  incident  wave  energy. 
there  would  be  no  received  signal.  In  the  line-of-sight  case,  the  transmitter  or 
receiver,  or  both,  are  usually  imbedded  in  the  turbulent  medium,  and  the 
intervening  refractive  index  fluctuations  merely  perturb  the  vacuum  parameters 
of  the  wave. 

There  are  two  areas  where  analysis  of  this  model  has  direct  practical 
relevance.  In  communications,  the  motivation  for  studying  the  problem  arises 
from  the  desire  to  take  advantage  of  the  potentially  wide  bandwidth  of  an 
optical  system.  In  this  context,  the  atmospherically  induced  noise  degrades 
system  performance  and  is  something  to  be  overcome.  In  contrast,  this  model  is 
also  being  studied  for  its  potential  for  remotely  sensing  atmospheric  turbulence 
parameters,  in  which  context  the  random  fluctuations  imposed  by  the  atmo- 
sphere are  the  signal  to  be  studied  and  the  information  is  contained  in  them. 

In  this  chapter,  we  are  concerned  with  the  effect  on  an  optical  wave  of 
refractive  index  fluctuations  caused  by  turbulent  effects  in  the  atmosphere.  As 
we  shall  see,  these  refractive  index  fluctuations  are  primarily  the  result  of  small 
temperature  fluctuations  transported  by  the  turbulent  motion  of  the  atmo- 
sphere. Changes  in  the  optical  signal  due  to  absorption  or  scattering  by 
molecules  or  aerosols  are  not  discussed.  The  changes  in  refractive  index  caused 
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by  temperature  fluctuations  are  usually  smooth  random  functions  of  both 
space  and  time.  As  an  aid  in  understanding  the  effects  of  the  refractive  index 
fluctuations,  a  region  of  high  or  low  refractive  index  is  often  thought  of  as  an 
eddy,  which  may  behave  very  much  as  a  lens.  In  this  model  the  atmosphere  may 
be  thought  of  as  a  large  number  of  random  lenses,  having  different  shapes  and 
scale  sizes,  that  move  randomly  through  space.  It  should  be  kept  in  mind, 
however,  that  the  refractive  index  is  varying  within  an  eddy,  and  no  discon- 
tinuities in  the  refractive  index  are  present. 

In  the  earth's  atmosphere,  the  interaction  of  an  electromagnetic  wave  with  a 
single  refractive  index  fluctuation  or  eddy  is  extremely  weak.  To  first  order, 
there  is  no  amplitude  change  at  the  position  of  the  eddy,  but  merely  a  phase 
change  caused  by  the  change  in  velocity  of  the  small  segment  of  the  wave  that 
traverses  the  eddy.  Because  induced  phase  fluctuations  are  not  the  same  at 
different  points  perpendicular  to  the  direction  of  propagation,  they  may  cause 
focusing  or  defocusing  effects,  local  deviations  in  the  direction  of  wave 
propagation,  and  eventually,  through  interference,  irradiance  fluctuations  at 
the  receiver.  Because  these  eddies  do  not  have  sharp  edges,  we  may  ignore 
reflections.  Similarily,  the  bounding  surfaces  of  the  fluctuating  region  are 
assumed  not  to  have  any  sharp  discontinuities.  The  process  we  consider  here  is 
merely  diffraction  of  the  wave  by  random  inhomogeneities.  As  we  shall  see  in 
Chapter  3,  although  the  effect  of  an  individual  eddy  on  the  wave  is  quite  weak, 
the  cumulative  effect  of  many  eddies  can  be  extremely  strong. 


2.1  Description  of  the  Atmosphere 
2.1.1  Atmospheric  Refractive  Index 

The  refractive  index  of  air  at  optical  frequencies  is  given  approximately  by 

n-  1=77.6(1  +7.52  x  10~3;T2)(P/T)10~6,  (2.1) 

where  P  is  the  atmospheric  pressure  in  millibars,  Tis  the  temperature  in  Kelvin, 
and  X  is  the  wavelength  of  light  in  um.  Therefore,  nx—n—  1  is  a  measure  of  the 
deviation  of  the  refractive  index  from  its  free  space  value,  and  at  sea  level  it  has 
a  typical  value  of  3  x  10"4.  In  writing  (2.1),  we  have  neglected  a  term  that 
depends  on  the  water  vapor  pressure.  Over  land,  this  humidity-dependent  term 
contributes  significantly  less  than  1  %.  (For  a  more  extensive  analysis  of  optical 
refractive  index  with  formulas  valid  to  one  part  in  107,  see  Owens  [2.1].)  Wesely 
and  Alcaraz  [2.2]  and  Friehe  et  al.  [2.3]  indicated  that  a  third  contribution  to 
(2. 1 )  arises  from  the  product  of  the  temperature  and  humidity  and  that  this  term 
could  significantly  affect  the  refractive  index  on  over-water  paths.  We  shall  be 
content  here  to  use  (2.1)  and  to  ignore  the  refinements  in  the  model  described  in 
[2.2]. 
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2.1.2  The  Role  of  Atmospheric  Turbulence 

The  refractive  index  fluctuations  that  we  are  considering  are  those  that  result 
from  the  naturally  occurring  random  fluctuations  in  wind  velocity  called 
turbulence.  The  description  and  phenomenology  of  turbulence  constitute  a  vast 
field,  perhaps  best  described  in  [2.4-7].  The  following  arguments  will  merely 
sketch  the  derivation  outlined  in  these  texts. 

Because  turbulence  is  a  random  process,  it  must  be  described  in  terms  of 
statistical  quantities.  It  is  hopeless  to  attempt  to  predict  the  velocity  of  a  given 
parcel  of  air  as  it  is  buffeted  about  in  the  open  atmosphere.  In  fact,  it  is  nearly 
impossible  to  do  a  complete  statistical  analysis;  therefore,  we  settle  for  a  more 
meager  description.  Kolmogorov  [2.8],  when  considering  the  time  variation  of 
the  difference  of  two  velocities  at  two  points  in  space  separated  by  a 
displacement  vector  r,  found  that  the  mean-square  velocity  difference  could  be 
described  by  a  universal  form  over  a  rather  broad  range  of  spatial  scale  sizes  of 
motion.  His  so-called  structure  tensor  is  defined  in  general  by 

Dilr)  =  avi(rl+r)-vi(t1)-]lvJ(ri+r)-vj(r1)]y,  (2.2) 

where  vt  and  v,  refer  to  the  different  components  of  the  velocity,  and  the  angle 
brackets  indicate  an  ensemble  average.  Two  further  assumptions  greatly 
simplify  (2.2).  The  first  is  the  assumption  of  local  homogeneity,  which  implies 
that  the  velocity  difference  statistics  depend  only  on  the  displacement  vector  r. 
The  second  is  the  assumption  of  local  isotropy,  which  implies  that  only  the 
magnitude  of  r  is  important.  The  adjective  "local"  applies  because  we  are 
considering  differences  between  the  velocities  at  two  points  and  hence  only 
scale  sizes  of  the  order  of  the  separation  are  important  (velocity  components 
with  scale  sizes  larger  than  the  separation  will  tend  to  be  filtered  out  by  the 
subtraction  process). 

The  impact  of  these  two  assumptions  on  (2.2)  allows  Dtj  to  be  written  in  the 
form 

Oipr)  =  [D» -  D„(r)l  n^  +  Dt,(r)Slj ,  (2.3) 

where  <5,  =  1  for  i==/,  <5,--  =  0  for  i  =)=_/,  and  the  «,  are  components  of  the  unit 
vector  directed  along  r.  The  quantities  Drr  and  Dlt  are,  respectively,  the 
structure  functions  of  the  wind  velocity  component  parallel  and  transverse  to 
the  displacement  r.  By  making  one  further  assumption  of  incompressible 
turbulence,  that  is,  Vv  =  0  {Batchelor  [2.4]),  we  can  write  Dn  in  terms  of  Drr, 
that  is, 

D„4^(^D„).  ,2.4) 
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The  important  result  of  the  analysis  leading  to  (2.3)  and  (2.4)  is  that  the 
statistical  structure  of  turbulence  can  now  be  described  by  the  single  structure 
function  Drr  where 

0rr  =  <[''>1+'-)-<Y<''1)]2>-  (2-5) 

Kolmogorov  [2.8]  found  that  as  long  as  the  separation  r  lay  in  the  so-called 
inertial  subrange  of  turbulence,  Drr  has  a  universal  form 

Dr=Cy\  (2.6) 

where  C,2  is  the  velocity  structure  constant,  a  measure  of  the  total  amount  of 
energy  in  the  turbulence.  This  form  should  persist  for  values  of  /•  between  the 
microscale  of  turbulence  /0  up  to  the  outer  scale  of  turbulence  L0.  The 
microscale  corresponds  to  the  eddy  size  below  which  dissipation  of  energy  in 
the  eddy  through  viscous  effects  becomes  important.  The  outer  scale  cor- 
responds to  the  largest  scale  size  for  which  the  eddies  may  be  considered  to  be 
isotropic.  (Near  the  ground  /0  is  of  the  order  of  millimeters  and  L0  of  the  order 
of  meters.  Both  quantities  appear  to  increase  with  height  above  ground.)  If  this 
result  is  true,  and  indeed  the  amount  of  supporting  experimental  evidence  is 
amazing  (Myrup  [2.9]  and  Kaimal  et  al.  [2.10]),  then  (2.6)  is  all  we  need  to 
know  about  turbulence  to  model  most  optical  propagation  through  the 
atmosphere. 


2.1.3  The  Turbulence  Model  of  Refractivity  Fluctuations 

We  have  yet  to  relate  our  turbulence  model  to  the  refractivity  formula  (2.1).  A 
critical  intermediate  step  involves  the  concept  of  a  conservative  passive  additive 
(Tatarskii  [2.1 1,  12]).  Conservative  quantities  have  the  property  that,  if  we  can 
identify  an  air  parcel  with  a  certain  characteristic  number,  it  will  then  retain 
that  number  no  matter  how  that  parcel  moves  about  in  space.  Strictly  speaking, 
temperature  is  not  a  conservative  quantity.  Any  vertical  displacement  of  an  air 
parcel  will  produce  a  temperature  change  because,  at  any  given  height,  the 
parcel  will  tend  to  equalize  its  pressure  with  that  of  the  background.  This 
pressure  change  produces  adiabatic  temperature  changes;  consequently,  if  we 
define  a  new  quantity,  that  is  the  difference  between  the  absolute  temperature  T 
and  the  changes  in  temperature  with  height  caused  by  an  adiabatic  lapse  rate, 
we  shall  obtain  a  conservative  quantity.  For  this  reason  we  shall  analyze  the 
fluctuations  in  the  potential  temperature  &  =  T—yaz,  where  ya  =  9.8  C/km,  and 
relate  the  statistics  of  0  to  the  velocity  fluctuation  statistics.  Passive  additives 
do  not  affect  the  turbulence  dynamics;  that  is,  when  they  are  inserted  into  the 
turbulent  medium  they  do  not  affect  its  statistics,  so  that  the  two-thirds  law 
described  in  (2.6)  still  applies  for  the  velocity  fluctuations.  It  was  first  shown  by 
Corrsin  [2.13]  that  conservative  passive  additives  also  obey  the  two-thirds  law; 
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thus,  there  is  a  well-defined  universal  structure  function  for  the  potential 
temperature  variations,  and  it  has  the  form 

De(r)  =  Cy^  (2.7) 

in  its  inertial  subrange.  (The  inertial  subrange  of  the  temperature  fluctuations  is 
defined  by  slightly  different  scale  sizes  (Tatarskii  [2.11,12])  than  the  velocity 
fluctuations.  This  is  unimportant  for  our  discussion.)  All  that  remains  in  order 
to  construct  our  statistical  model  of  the  refractivity  variations,  that  is,  to  find  its 
two-thirds  law,  is  to  relate  the  refractive  index  n  *o  one  or  more  conservative 
passive  additives. 

Equation  (2.1)  defines  n  in  terms  of  the  temperature  Tand  pressure  P.  To 
calculate  a  structure  function  for  n,  we  must  know  how  to  relate  changes  in 
refractive  index  to  changes  in  pressure  and  temperature.  We  accomplish  this  by 
finding  the  differential  of  (2.1) 

[In  calculating  (2.8),  we  have  assumed  a  value  for  X  in  (2.1)  corresponding  to  red 
light,  Ax;0.6x  10" 6  m.]  If  the  pressure  fluctuations  are  measured  at  a  point 
fixed  with  respect  to  the  ground,  they  are  relatively  small  and  rapidly  dispersed. 
Consequently,  the  observed  refractive  index  variations  will  be  produced  almost 
exclusively  by  temperature  fluctuations,  and  we  can  neglect  the  SP/P  term. 
From  the  definition  of  potential  temperature  0,  we  can  see  that  refractivity 
variations  Sn  at  a  fixed  height  will  be  a  function  of  SO  alone,  so  that 

Sn=-79P— j  xlO"6.  (2.9) 

Finally,  because  SO  is  a  conservative  passive  additive,  5n  is  also,  and  we  may 
write  a  two-thirds  law  for  the  refractivity  fluctuations 

Dn(r)  =  C2nr2i\  (2.10) 

To  complete  the  calculation,  from  (2.9)  we  can  write  the  refractive  index 
structure  constant  C\  directly  in  terms  of  C|  as 


Cn2=   -^xlO"6    ci  (1U) 


(19P 

\W~"    j  -•■ 

We  have  now  shown  that  the  refractive  index  fluctuations  have  the  same 
statistical  properties,  that  is,  obey  the  same  structure  function  law  as  velocity 
turbulence,  and  that  variations  in  optical   refractive  index  are  caused  by 
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variations  in  temperature.  Equation  (2.1 1)  relates  the  refractivity  and  tempera- 
ture structure  parameters  with  a  coefficient  that  depends  only  upon  the  mean 
atmospheric  pressure  and  temperature.  Hereafter  in  the  text,  we  shall  follow  the 
usual  convention  and  write  C\  in  place  of  C^;  however,  it  is  important  to 
remember  in  the  following  sections  that  the  significant  physical  quantity  is  the 
structure  constant  of  potential  temperature. 

Finally  it  should  be  noted  that  the  structure  constant  is  not  really  a 
constant,  but  a  function  of  both  time  and  space.  It  is  really  a  coefficient  that 
describes  the  strength  of  the  refractive  index  turbulence.  In  practice,  care  must 
be  taken  with  problems  concerned  with  appropriate  averaging  times  when 
determining  this  constant.  Workers  in  optical  propagation  tend  to  use  quite 
different  averaging  times  when  determining  C\  or  C\. 


2.1.4  Stationary  Random  Functions 

The  frequency  content  of  a  time-varying,  physically  realizable,  deterministic 
signal  such  as  a  pulse  is  easily  determined  by  taking  its  Fourier  transform.  If  the 
pulse  is  p(f),  then  its  transform  W(uj)  is  defined  by 

1     °° 
W{w)=—  \  dtp(i)e~iM,  (2-12) 

2ft    -00 

where  w  =  2nf  and  /  is  the  frequency  in  Hertz.  If  we  wish  to  reconstruct  p(t) 
exactly,  we  merely  invert  the  relation  (2.12)  in  the  conventional  way. 


p(t)=    J  d(oW{(o)e°>' ,  (2.13) 

-  00 

and  obtain  an  exact  point-for-point  reconstruction  of  the  time  signal  from 
knowledge  of  W(w).  We  are  able  to  reconstruct  p(t)  exactly  because  W(w)  is,  in 
general,  a  complex  quantity  that  tells  not  only  the  relative  amplitudes  of  the 
different  frequencies  (power)  but  also  how  they  must  be  shifted  relative  to  each 
other  (phase)  to  make  up  the  final  time-domain  function. 

In  a  completely  analogous  way,  we  can  write  a  stationary  random  function 
in  terms  of  a  Fourier-Stieltjes  transform  (Yaglom  [2.14]) 

00 

p(t)=    j  dH{a>)ei0".  (2.14) 


Equation  (2.14)  expresses  the  relation  between  a  given  realization  of  a  random 
process  and  its  spectrum  in  the  same  sense  that  (2.13)  does  for  a  deterministic 
function ;  however,  in  this  case,  p(t)  and  dH(oj)  are  both  random  variables  and 
therefore  are  not  the  same  for  each  realization  of  the  random  process.  The 
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function  dH(<o)  plays  the  same  role  as  W{w)dto  in  (2.13).  In  fact,  if  H(co)  were 
differentiable,  we  could  write  dH(w)  =  H'(co)dia  and  have  an  exact  analog  to 
(2.13).  The  particular  form  dH(w)  allows  us  to  use  (2.14)  even  in  the  case  in 
which  the  spectrum  of  our  random  process  is  not  differentiable;  for  example, 
(2.14)  is  a  useful  generalization  for  random  processes  consisting  of  a  finite 
number  of  random  harmonic  generators. 

The  notion  of  stationarity  is  the  time-domain  analogy  of  spatial  homo- 
geneity discussed  in  Section  2.1.2.  Stationarity  implies  that  statistical  quantities, 
such  as  the  mean  and  variance,  do  not  vary  with  time.  For  example,  if  we  find 
the  mean  value  of  a  process  at  f0,  it  should  be  identical  with  the  value  found  at 
t0  +  t.  The  mean  referred  to  is  the  ensemble  mean  or  expected  value,  that  is 
indicated  by  angle  brackets,  and  we  average  over  different  realizations  of  the 
random  process.  Unfortunately,  we  do  not  have  at  our  disposal  an  ensemble  of 
identical  atmospheres  which  we  may  observe.  Usually,  we  have  a  single 
function  of  time,  say,  of  atmospheric  temperature  fluctuations,  and  we  must 
invoke  the  assumption  of  ergodicity  to  obtain  estimates  of  ensemble  averages. 
An  ergodic  random  process  is  one  whose  infinite  time  average  is  equal  to  its 
ensemble  average;  and,  if  we  can  make  this  assumption,  then  we  can  substitute 
time  averages  wherever  we  have  ensemble  averages.  This  leads  to  another 
problem.  We  cannot  average  forever  as  required  in  the  ergodic  hypothesis.  Our 
only  hope  is  that  the  process  is  sufficiently  band  limited  so  that  a  reasonable 
averaging  time  will  give  a  stable  number.  How  long  to  average  and  what 
filtering  effects  the  averaging  time,  record  length,  and  sampling  rate  have  on  the 
observations  are  the  subject  of  an  entire  area  of  research,  time  series  analysis. 
For  further  details  of  this  extremely  interesting  and  rich  field,  consult  [2.15-17], 
and,  for  application  to  atmospheric  processes,  [2.18].  These  considerations 
have  a  bearing  on  how  well  you  can  measure  the  relevant  statistical  quantities 
discussed  in  the  following  chapters.  It  is  interesting  that  the  structure  function, 
already  introduced  in  Section  2.1.2,  was  created  in  response  to  these  problems. 
The  structure  function  behaves  as  a  high  pass  filter  because,  as  we  shall  see 
later,  the  subtraction  process  removes  the  slowly  varying  large-scale  fluc- 
tuations that  affect  both  points  of  the  measurement  and  provides  a  much  more 
stable  number  than  the  related  correlation  function. 

Equation  (2.14)  has  associated  with  it  a  host  of  mathematical  problems, 
some  outlined  in  the  above  paragraph.  A  further  related  difficulty  is  that  (2.14) 
and  its  inverse  violate  at  least  two  conditions  usually  required  for  the  existence 
of  a  Fourier  transform :  absolute  integrability  (finite  area),  and  dH(io)  and  p(t) 
may  have  an  infinite  number  of  maxima  and  minima.  Consequently,  the 
interpretation  of  (2.14)  for  random  functions  is  much  more  cloudy  than  the 
precise  relatives  (2.12,  13)  for  physically  realizable  deterministic  functions. 
These  mathematical  difficulties  are  overcome  when  we  consider  ensemble- 
averaged  properties  of  the  random  process.  An  example  is  the  correlation 
function,  defined  by 

B(U  +  r)  =  <p(r)p*(r  +  T)>,  (2.15) 
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where  the  asterisk  indicates  a  complex  conjugate.  After  substituting  (2.14,  15) 
takes  the  form 

00  00 

B{t,t  +  r)=    j"      j  eia,"-U02('  +  I,<i/H(co1)rfH*(w2)>,  (2.16) 

—  oo     —  00 

where  we  have  assumed  the  ability  to  interchange  integration  and  averaging. 
From  our  discussion  of  stationarity,  we  know  that  if  p(t)  is  a  stationary  random 
function,  then  the  correlation  function  cannot  depend  on  the  time  f  when  the 
average  is  taken.  The  only  mathematical  way  fi(r,  t  +  t)  can  be  independent  of  t 
for  all  possible  f's  is  if  (dH(u>1)dH*(a)2)}  takes  the  form, 

(dH(cD1)dH*(co2)>=d((o1-(D2)P(col)d<Dld(D2,  (2.17) 

where  S(a>l  —a>2)  is  the  Dirac  delta  function.  Then  (2.16)  reduces  to 

00 

B{t,t  +  x)  =  B{x)=    J  <fa1e~?a,,,P(a>1).  (2.18) 

—  00 

The  function  P(a)1)  is  called  the  power  spectral  density  of  the  function  p(t).  Note 
the  important  result  in  (2.18)  that,  by  assuming  that  only  equal  frequencies 
a)j  =a>2  are  correlated,  all  the  phase  information  about  the  function  p(t)  is  lost. 
We  cannot  reconstruct  the  details  of  p(t)  from  knowledge  of  P(a>).  The 
information  contained  in  P(a>)  is  the  amount  of  power  that  exists  in  a  given 
process  per  unit  frequency  interval.  To  see  this,  we  note  that  because  [p(f)p*(f)] 
is  the  instantaneous  power,  then  from  (2.15),  B(t,t)  is  its  average  value,  that  is, 

B(t,t)  =  (p(t)p*(t)),  (2.19) 

and 

00 

<p(r)p*(f)>=    |  P[(o)dco.  (2.20) 

—  00 

Since  the  left  side  is  the  average  power,  P(co)dw  must  be  the  power  in  a 
frequency  band  from  w  to  to  +  dw. 

In  summary,  the  only  meaningful  spectral  measure  of  a  stationary  random 
process  is  its  power  spectral  density.  Unlike  the  case  of  realizable  deterministic 
variables  where  complete  reconstruction  of  the  time  function  is  possible  from 
knowledge  of  its  Fourier  transform,  knowledge  of  the  power  spectral  density 
does  not  permit  exact  reconstruction  of  the  random  process  because  phase 
information  has  been  lost. 


2.1.5  The  Power  Spectral  Density  of  the  Refractive  Index  Fluctuations 

In  Section  2.1.3  we  considered  briefly  the  spatial  structure  of  the  random 
refractive  index  fluctuations.  In  Section  2.1.4  the  temporal  characteristics  of  a 
general  random  variable  were  considered,  with  a  brief  discussion  of  time  series 
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analysis  problems.  To  connect  these  two  points  of  view  in  our  physical  model  of 
the  atmosphere,  we  make  the  assumption  of  "frozen  turbulence",  which  implies 
that  temporal  variations  of  meteorological  variables  at  a  point  are  produced  by 
advection  of  these  quantities  by  the  mean  flow  and  not  by  changes  in  the 
variables  themselves  ([2.11,12]).  This  point  of  view  forces  a  one-to-one 
correspondence  between  spatial  and  temporal  fluctuations.  For  example,  if  we 
place  a  point  temperature  sensor  in  the  atmosphere,  record  its  fluctuating 
readings  in  time,  and  find  its  temporal  power  spectral  density  P((»),  then, 
because  of  the  frozen  turbulence  assumption  and  with  the  knowledge  of  the 
mean  windspeed  c0,  we  can  directly  convert  to  a  one-dimensional  spectral 
density  in  terms  of  the  spatial  wave  number  K.  The  spatial  wave  number  for  a 
given  temporal  frequency  co  will  be  K  =cov0.  In  this  chapter,  we  shall  consider 
the  spatial  statistics  as  more  fundamental  and  the  temporal  statistics  as 
derivable  from  them  using  the  mean  windspeed.  (A  more  detailed  description  of 
the  assumption  of  "frozen  turbulence"  and  its  limitations  is  given  by  Tatarskii 
[2.12].) 

We  can  write  the  refractive  index  as  the  sum  of  a  mean  plus  a  fluctuating 
part 

n{f)  =  <«(/)>  +  n1(»'),  (2.21) 

where  <M1(r)>=0  by  definition.  (Note  that  this  definition  of  nx  is  slightly 
different  than  the  «,  defined  in  Section  2.1.1.)  The  variable  n^r)  can  be 
decomposed  in  terms  of  a  three-dimensional  Fourier-Stieltjes  integral 

w,(r)=  $dN{K)eiK  r,  (2.22) 

where  K  =  {KX,K  ,  Kz)  is  the  three-dimensional  spatial  wave  number  and  dN  is 
the  random  spectral  amplitude  [respectively,  the  analogs  of  co  and  dH  in  (2.14)]. 
Following  the  analysis  in  Section  2.1.4,  we  consider  the  covariance  function  of 
the  refractive  index  field  at  two  positions  separated  by  r, 

B,(»'i+i',r1)  =  <»1(r  +  r1)n1(r1)>.  (2.23) 

If  we  substitute  (2.22)  into  (2.23),  then  we  obtain  the  spatial  analog  of  (2.16), 

B„(rl+r,r1)=  ^e,K{ri  +  r)~',K'ri(dN(K)dN*{K')).  (2.24) 

From  our  earlier  discussion  of  homogeneity,  we  know  that  a  statistically 
homogeneous  random  field  cannot  have  its  average  properties  depend  upon  the 
location  in  the  field  at  which  the  average  is  computed,  that  is,  the  same  result 
should  obtain  if  we  translate  our  sensors  to  any  other  position  in  the  field  and 
perform  the  same  operation.  The  impact  of  this  assumption  on  (2.23)  is  to  make 
Bn(rx  +r,rl)  =  Bn(r).  For  the  double  integral  in  (2.24)  to  depend  only  upon  r  as 
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required  by  the  homogeneity  assumption,  the  quantity  in  the  angle  brackets 
must  satisfy  the  relation 

(dN(K)dN*(K')}=S(K-K')<Pn(K)diKdiK\  (2.25) 

where  now  S  is  the  three-dimensional  Dirac  delta  function  and  <P„(K)  is  the 
three-dimensional  spectral  density  of  the  refractive  index  fluctuations. 
Substituting  (2.25)  into  (2.24)  and  performing  the  K'  integration,  we  obtain  the 
well-known  Fourier  transform  relation  between  the  spectral  density  and  the 
covariance  function, 

Bn(r)=jd3KeiKr<Pn(K).  (2.26) 

To  invert  (2.26),  we  Fourier  transform  both  sides  of  the  equation  to  obtain 

(pn(li)=^f\d3rBn(r)c-"i-.  (2.27) 

We  are  at  complete  liberty  to  construct  these  same  relations  in  one  or  two 
spatial  dimensions  ([2.11, 12]).  The  procedure  is  identical  to  that  resulting  in 
either  (2.18)  or  (2.26).  We  shall  make  extensive  use  of  the  two-dimensional 
transform  relations  in  later  sections. 

A  further  assumption  we  wish  to  impose  upon  the  turbulent  refractivity 
fluctuations  is  that  they  be  isotropic,  that  is,  that  statistical  quantities  such  as 
the  covariance  function  depend  merely  on  the  distance  between  sensors  and  not 
on  the  orientation  of  the  line  joining  them.  Mathematically,  this  implies  that 
Bn(r)  =  Bn(r)  and,  from  the  inverse  transform  of  (2.26),  that  <£„(/()  =  $„(/().  If  we 
substitute  this  latter  result  into  (2.26),  and  change  to  spherical  coordinates 
K—{K,6,(j))  and  d3K  =  K2 sin 6ddd4>dK,  the  angular  integrations  may  be 
performed  to  yield 

4jr  °° 

B„(r)=—  $dKK<Pn(K)sin(Kr).  (2.28) 

r    o 

Similarly,  we  can  integrate  (2.27)  over  the  angle  coordinates  to  obtain 

1      °° 
<W  =  2^  1  drrB„(r)sin(Kr).  (2.29) 

Once  we  have  assumed  a  homogeneous  and  isotropic  turbulence  model,  we 
can  generate  expressions  for  Bn(r)  and  <P„{K)  from  Kolmogorov's  structure 
function  law  Dn(r).  First,  we  expand  the  definition  of  the  isotropic  form  of  the 
structure  function 

Dn(r)  =  <[nl(rl+r)-n1(rl)-]2)  (2.30) 
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into  three  terms  and  note  that  the  assumption  of  homogeneity  requires 
<nj(i'1 +»•)>  =  <«?(!•)>  =  <«?>  =  B„(0)  and  by  definition  <«,(»•  +  »•,)«,(»•,)> 
=  6„(r);  consequently. 


B„(0)-Sn(r)  =  JDn(r). 


(2.31) 


Computing  the  relation  between  <P„(K)  and  Dn(r)  is  more  complicated.  From 
(2.28),  after  taking  the  limit  as  r-»0  and  substituting  into  (2.31)  for  B„(0),  we 
obtain  the  structure  function  in  terms  of  the  spectral  density  4>n  in  the  form 


Dn(r)  =  Sn$dKK2<P„(K) 
o 


sin(Kr) 


(Kr) 


(2.32) 


[It  is  clear  from  (2.32),  as  mentioned  above,  that  Dn{r)  removes  the  influence  of 
large-scale  refractive  index  fluctuations.  The  [1  —  {Kr)~ '  sin(Kr)]  term  in  (2.32) 
severely  attenuates  spatial  frequencies  in  the  range  K<r'\  that  is.  those 
spatial  frequencies  with  periods  larger  than  the  spacing  between  measurement 
points.  Note  that  there  is  no  such  high  pass  filtering  in  the  definition  of  Bn{r)  in 
(2.28).]  We  now  must  invert  (2.32)  to  obtain  <Pn  in  terms  of  D„,  which  is  not  quite 
as  straightforward  as  inverting  a  simple  Fourier  transform  relation ;  however,  it 
can  be  accomplished  without  too  much  difficulty  in  terms  of  derivatives  of  Dn(r) 
(Strohbehn  [2.19]  and  Tatar skii  [2.12]), 


*.<*)= 


I 


sin(Kr)  d 


4n2K2  o     (Kr)     dr 


>'^-DJLr) 


dr 


dr. 


(2.33) 


Now  we  can  find  the  spectral  density  function  <Pn  in  terms  of  Kolmogorov's 
inertial  subrange  model, 


Dn(r)  =  cyi;      l0<r<$L0. 


(2.34) 


By  substituting  (2.34)  into  (2.33)  and  performing  the  indicated  operations,  we 
get  the  integral 


<W=t|-C~K-3  $drsin(Kr)ril3 

1871  L 


(2.35) 


If  we  let  the  limits  go  to  0  and  oo,  this  integral  reduces  to 
tf>n(K)  =  0.033C„2K-11/3, 


(2.36) 


where  we  assume  (2.36)  is  only  valid  for  2nLj'  <K<2kIq  '.  Both  (2.34)  and 
(2.36)  are  equally  valid  and  equivalent  descriptions  of  the  turbulent  refractive 
index  fields. 
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There  are  other  common  forms  of  <Pn  that  were  derived  to  effect  a  smooth 
transition  at  the  limits  of  the  inertia!  subrange  instead  of  a  sharp  truncation  as 
in  (2.36).  For  eddy  sizes  less  than  the  microscale  of  turbulence,  /„,  the  energy  in 
the  turbulence  is  dissipated  due  to  viscosity  effects.  While  the  exact  form  of  the 
spectrum  in  this  region  is  still  under  investigation,  it  is  clear  that  the  spectrum 
must  fall  off  more  rapidly  than  Ku  \  A  different  model  that  accomplishes 
this  was  described  by  Tatarskii  [2.12],  that  is, 

0n(K)  =  O.O33C;/<"  Jexp(-K2/K;,),  (2.37) 

where  Km  =  5.92//0.  Similarly,  for  eddy  sizes  greater  than  /,0.  the  energy  in  the 
eddies  must  be  less  than  that  predicted  by  the  Kolmogorov  model.  This  effect 
can  be  approximated  to  some  degree  by  the  Von  Kantian  spectrum  (Tatarskii 
[2.11]) 

^K)=r^K^(^)L^+K2/Klr^\  (2.38) 

where  K0  =  2n/L0,  and  <(52>  is  the  variance  of  the  refractivity  fluctuations  and 
is  related  to  C2  by  C2  ^  1 .9<c5^>  Kq  3.  These  spectra  have  the  correct  behavior 
only  in  the  inertial  subrange,  that  is,  <P„(jFQ  —  K~  n  3  for  2nL0  '  <K<2uIq  '. 
Outside  of  this  range,  particularly  for  small  values  of  K,  there  is  no  physical 
basis  for  their  behavior;  consequently,  they  should  be  used  only  as  an 
indication  of  the  effects  of /0  and  L0  on  the  propagation  statistics  that  we  shall 
calculate  in  later  sections.  Another  way  to  state  this  difficulty  is  that  if  the 
propagation  statistics  strongly  depend  on  the  microscale  /0,  or  particularly  the 
outer  scale  L0,  then  the  propagation  problem  probably  requires  more  accurate 
information  on  the  atmospheric  effects  than  is  presently  available. 


2.1.6  Behavior  of  C|j  in  the  Open  Atmosphere 

The  central  role  of  the  refractive  index  structure  constant  C\  will  become 
evident  in  the  next  subsection  when  we  calculate  the  statistics  of  the  fluctuating 
parameters  of  an  optical  wave  propagating  through  atmospheric  turbulence.  In 
this  subsection,  we  describe  some  of  the  most  recent  information  about  the 
behavior  of  C\  as  a  function  of  altitude  and  time  of  day. 

Figure  2.1  illustrates  a  typical  example  of  the  behavior  of  C„  over  a  24-h 
period  at  a  height  of  2  m  above  the  ground.  The  data  were  taken  on  a  flat  mesa 
in  the  lee  of  the  Rocky  Mountains  near  Boulder,  Colorado,  where  the 
vegetation  and  irregularities  in  the  ground  surface  were  less  than  0.3  m.  The 
refractive  index  structure  constant  was  derived  from  C\  using  (2.11).  We 
computed  C\  from  measurements  of  the  mean-square  temperature  difference  of 
two  fine-wire  thermometers  (Lawrence  et  al.  [2.20])  by  dividing  this  quantity  by 
the  thermometer  separation  to  the  two-thirds  power  in  accordance  with  (2.7). 
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Fig.  2.1.  Plot  of  the  behavior  of  the  refractive  index  structure  parameter  for  a  24  h  period  on  a 
clear  sunny  day 


The  diurnal  cycle  of  Cn,  evident  in  Fig.  2.1,  is  typical  of  its  behavior  in  the 
surface  layer  of  the  earth  (approximately  the  lowest  30-100  m).  The  intensity  of 
the  temperature  fluctuations  (hence  C„)  is  quite  small  at  night  and  in  the  early 
morning  hours  until  solar  heating  of  the  ground  becomes  significant  enough  to 
initiate  convective  instability  (Hess  [2.21]).  This  instability  generates  tempera- 
ture fluctuations  at  a  given  height  in  the  following  manner.  The  sun-heated 
surface  materials  warm  a  thin  layer  of  the  air  above.  If  air  parcels  from  the  layer 
become  displaced  upward,  they  find  themselves  warmer,  and  hence  less  dense 
and  more  buoyant,  than  the  ambient  air;  therefore,  they  continue  to  accelerate 
upward.  It  is  the  mixing  of  these  hot  rising  air  parcels  with  cool  descending  air 
parcels  that  produces  the  observed  temperature  irregularities.  This  process 
continues,  causing  C„  to  increase,  until  late  afternoon  when  solar  heating 
subsides,  producing  a  consequent  drop  in  Cn.  A  typical  range  of  measurable  C\ 


values   for   a   sunny   day   at   2  m   above   the   ground   is    10 


17 


m 


2/3 


<c 


<  10"  12  m~2li.  In  Fig.  2.1,  the  sharp  dips  in  C„  values,  occurring  between  1400 
and  1600,  are  due  to  intermittent  cloud  cover.  The  sun  heats  only  the  top  layer 
of  the  ground ;  when  clouds  temporarily  obscure  the  sun,  the  ground  rapidly 
cools,  the  temperature  structure  of  the  air  above  rapidly  becomes  more 
uniform,  and  Cn  decreases  precipitously. 

There  have  been  many  measurements  that  have  attempted  to  define  the 
spatial  variation  of  Cln.  Investigators  have  obtained  in  situ  data  from  tempera- 
ture sensors  that  were  tower  mounted  [2.22],  aircraft  mounted  [2.20, 23, 24], 
and  balloon  borne  [2.25].  Remote  sensing  of  C2  probably  began  with  the 
measurement  of  stellar  scintillations  to  infer  high  altitude  C2.  values  (see 
Hufnagel  and  Stanley  [2.26])  and  has  progressed  to  the  present-day  use  of 
acoustic  sounders  as  remote  sensors  of  C\  and  hence  optical  C2  [2.22,27]. 
Aircraft  mounted  and  balloon-borne  sensors  gave  the  first  indication  of  the 
complex  behavior  of  C2  with  altitude.  In  fact,  these  measurements  have  been 
the  primary  force  in  changing  the  exponential  C2  profile  [2.26]  to  a  more 
realistic  statistical  model  [2.28]. 

Acoustic  sounder  records  provide  the  most  complete  picture  of  the  spatial 
structure  of  C2  in  the  planetary  boundary  layer  (roughly  the  lower  1  km  of  the 
atmosphere).  Although  most  of  the  early  echo  sounder  results  have  been 
qualitative  in  nature,  recently  there  has  been  progress  in  quantifying  the 
sounder  returns  by  comparing  the  sounder-derived  C\  values  with  those 
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15  August  1972 
Fig.  2.2.  Height-time  plot  of  the  strength  of  acoustic  echo  sounder  returns 
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Fig.  2.3.  Acoustic  echo  sounder  derived  va- 
lues of  C\  versus  height  in  the  planetary 
boundary  layer 


measured  by  temperature  sensors  mounted  on  a  nearby  tower  (Neff  [2.22]). 
Figure  2.2  is  a  height-time  plot  of  the  strength  of  acoustic  echo  returns.  The 
atmosphere  was  interrogated  by  a  20  ms  acoustic  pulse  emitted  from  a 
vertically  pointing  antenna  that  also  detected  the  echo  return  with  an 
approximate  vertical  spatial  resolution  of  3-4  m.  Height-time  intervals  of 
strong  echo  return  (dark  regions)  indicate  the  presence  of  intense  temperature 
fluctuations,  whereas  height-time  intervals  of  weak  echo  return  (light  regions) 
indicate  relatively  weak  temperature  fluctuations.  (The  first  34  m  are  blank 
because  of  the  time  required  to  wait  for  the  sounder  to  stop  ringing  from 
transmission  and  prepare  to  receive.)  It  is  readily  apparent  from  this  record 
that,  even  in  the  space  of  the  60-min  time  pictured,  the  spatial  structure  of  Cj 
(hence  C2n)  is  extremely  varied.  The  dark  vertical  structures  originating  at  the 
bottom  of  the  record  are  associated  with  thermal  plumes  which  are  regions  of 
warm  rising  air  containing  large  thermal  contrast.  The  light  areas  between 
plumes  are  thermally  homogeneous  regions  of  cool  descending  air. 

Figure  2.3  contains  a  more  quantitative  estimate  of  the  C\  values.  Each  dot 
was  obtained  by  inverting  the  formula  for  the  acoustic  scattering  cross  section 
and  then  obtaining  C\  from  the  measured  cross-section  value.  (From  the  theory 
[2.1 1,  12],  the  back  scattering  cross-section  is  proportional  to  C\.  For  a  further 
discussion  of  the  measurement  technique  and  the  assumptions  involved  in 
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Fig.  2.4.  Airplane-borne  temperature  sensor 
determinations  of  C;j  versus  height 


deriving  Fig.  2.3,  see  Neff  [2.22].)  These  data  are  averages  over  the  period  from 
0900  to  0950.  The  facsimile  record  for  the  same  period  is  shown  in  Fig.  2.2. 


From  the  data  in  Fig.  2.3,  we  see  that  10 
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corresponding  to  approximate  refractive  index  structure  constant  values  of 


10-t5m-2/3<C2<10 


m 


2/3 


(The  acoustic  sounder  data  were  also  com- 


pared with  tower-measured  C\  at  a  height  of  92  m,  and  the  measurements 
agreed  to  within  50%.)  The  solid  line  represents  a  decrease  of  C\  with  height  as 
z"4/3,  which  is  the  theoretical  prediction  for  the  behavior  of  C\  in  the  daytime 
surface  layer  (Tsvang  [2.23]  and  Wyngaard  et  al.  [2.29]).  The  extension  of  the 
"minus  four-thirds"  region  above  the  first  100  m  was  noted  earlier  by  Tsvang 
and  confirmed  by  these  data.  There  is,  as  of  yet,  no  theoretical  justification  for 
the  extension  of  the  surface  layer  C\  behavior  to  higher  altitudes,  although 
Frisch  and  Ochs  [2.30]  have  shown  that  the  —4/3  law  should  describe  the  C\ 
behavior  up  to  20%  of  the  convective  layer  depth.  The  convective  layer  depth 
increases  during  the  morning  and  reaches  a  value  of  1-2  km  in  the  afternoon 
when  fully  developed.  For  the  data  of  Fig.  2.3,  it  was  about  700  m  thick.  In  the 
nighttime  surface  layer,  the  only  behavior  predicted  theoretically  (Wyngaard  et 
al.  [2.29])  is  that  C\  will  decrease  with  height  more  slowly  than  z~2li. 

Above  the  first  few  hundred  meters  there  is  no  theoretical  prediction  of  C* 
behavior.  Figure  2.4  illustrates  the  complicated  behavior  of  the  C\  profile  up  to 
a  height  of  3.2  km.  This  curve  is  the  average  of  data  from  three  consecutive 
days,  each  day's  data  consisting  of  one  profile  taken  during  daylight  hours 
(Ochs  and  Lawrence  [2.24]).  The  three  measured  profiles  were  averaged 
together  and  then  a  100  m  running  average  applied  to  the  resultant  curve.  (Each 
data  point  represents  a  1  minute  average.)  Even  after  averaging,  the  curve 
illustrates  an  extensively  varying  Cln  structure  which,  except  for  the  overall 
tendency  to  decrease  with  height,  appears  to  be  random  in  nature.  Other  data 
using  balloon-borne  sensors  (Bufton  et  al.  [2.25])  show  the  same  random 
behavior  of  C\  with  a  decreasing  mean  up  to  heights  of  15  km.  In  the 
unsmoothed  data  of  both  Ochs  and  Lawrence  and  Bufton  et  al.,  a  typical 
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variation  in  C2  in  a  100- -200  m  altitude  range  is  more  than  an  order  of 
magnitude.  This  indicates  an  extensively  layered  structure  of  turbulence  with 
typical  thicknesses  of  100  200  m,  instead  of  a  smoothly  varying  profile  as  early 
models  hypothesized.  Bufton  et  al.  found  what  appeared  to  be  orographic 
effects  (turbulence  associated  with  mountain  lee  waves)  present  in  the  3-7  km 
region,  a  decrease  to  a  region  of  minimum  values  in  the  7-9  km  range,  and,  in 
the  9- 15  km  range,  a  region  of  sharp  peaks  superimposed  on  a  relatively 
constant  C2  background  value.  They  again  attributed  this  increased  spiking  in 
the  profile  to  the  highly  layered  structure  in  this  region,  and  cite  this  as 
confirmation  of  the  theories  of  increased  C2  near  the  tropopause.  Bufton  et  al. 
found  general  agreement  with  the  earlier  model  of  Hufnagel  and  Stanley  [2.26] 
with  the  exception  of  the  intense  layering,  especially  near  the  tropopause. 

Recently,  in  response  to  the  data  of  [2.24,  25]  and  the  optical  measurements 
of  [2.31-33],  Hufnagel  [2.28]  derived  a  new  model  with  several  features  not 
found  in  his  earlier  work.  Based  on  these  experimental  observations,  he 
suggests  the  following  Cl  model, 

Cn2  =  {[(2.2x  10-5-,)/i10(M//27)2]e-',,1000+10-le>e-'"500}exp[r(/i,0], 

(2.39) 

where  h  is  the  height  in  meters  above  sea  level.  The  model  is  valid  for  3  km  </i 
<24km.  The  variable  r  is  a  zero-mean,  homogeneous,  Gaussian  random 
variable  with  a  covariance  function  given  by 

(r(h  +  hlj  +  T)r(hj))  =  A(hl/l0Q)e-tli  +  A(hl/2000)e-xSO,  (2.40) 

where 

\      0       ,  otherwise/ 

(The  interval  r  is  measured  in  minutes.)  From  (2.40),  it  follows  that  <r2>  =  2  and 
<exp(r)>  =e^2.7.  These  numbers  may  be  substituted  into  (2.39),  after  finding 
the  expected  value  <C2>,  to  determine  the  behavior  of  the  mean  profile.  Finally, 
the  function  W  in  (2.39)  is  a  correlating  factor  defined  by 

20  km 

W  =  [(l/15km)    J    v2(h)dh]112,  (2.42) 

5  km 

where  v  is  the  wind  speed  at  height  h.  The  parameter  VK  the  rms  wind  speed  in 
the  height  range  from  5-20  km,  turns  out  to  account  for  60 %  of  the  variance  of 
the  stellar  scintillation  data  of  Mikesell.  [Data  for  v(h)  are  readily  obtained 
from  the  daily  radiosonde  profiles  determined  by  the  National  Weather 
Service.]  Note  that  W  is  a  random  function  of  time,  and  Hufnagel  has  found 
from  Maryland  data  that  W  is  normally  distributed  with  a  mean  of  27  m/s  and  a 
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standard  deviation  of  9m/s.  To  extend  this  model  down  to  local  ground  level, 
we  should  add  the  surface  layer  C\  dependence,  for  example,  z~ 4  3  for  daytime, 
and  account  for  orographic  effects  and  any  sharp  inversion  layers  that  may 
influence  local  values  of  C\.  (For  further  discussion,  see  Hufnayel  [2.28].) 

It  should  be  noted  that  this  new  model  is  an  empirical  one  based  on  a 
limited  amount  of  data,  but  is  probably  the  best  model  available  at  this  time.  In 
a  certain  sense,  the  model  is  also  inconsistent,  and  hence  it  is  important  to 
understand  the  assumptions  made  in  its  development.  First,  when  C2  was  first 
derived  in  (2.10),  it  was  assumed  that  it  represented  an  average  quantity,  but  in 
(2.39)  C2  is  a  random  variable.  The  distinction  here  is  that  in  optical 
propagation  experiments  we  are  usually  interested  in  reasonably  short  time 
scales,  for  example,  seconds  or  minutes.  Therefore  optical  workers  usually 
consider  C2  values  averaged  over  these  time  scales.  In  (2.39),  r  and  W  are 
parameters  that  represent  slowly  varying  quantities,  with  time  scales  on  the 
order  of  hours  or  days.  With  this  interpretation,  the  model  in  (2.39)  is  consistent 
and  highly  useful  in  practical  situations.  An  ultimate  model  for  C2  might  also 
include  parameters  that  account  for  seasonal,  diurnal,  and  geographical  effects. 

Finally,  we  consider  the  statistics  of  the  C2  fluctuations  as  measured  by 
three  different  techniques.  From  data  taken  on  a  12  m  tower,  Kallistratova  and 
Timanovskiy  [2.34]  determined  C2  from  the  mean  profiles  of  wind  speed  and 
temperature,  using  a  relation  derived  by  Obukov  [2.35].  During  the  daytime 
(1115-1515  LT),  they  observed  that  84%  of  the  values  of  C2  were  in  the  range 
5.4x  10"  14irT2  ;3<C2<5.4x  IO~I3m"2/3;  whereas  at  night,  59",,  of  the  va- 
lues were  in  the  range  5.4  x  10"  15  m"2  3  <C2  <5.4  x  10"  14m~2  3.  Their  obser- 
vations also  indicated  a  much  larger  spread  of  C2  data  in  the  nighttime  than  in 
the  daylight  hours.  Neff  [2.22]  observed  both  tower-measured  and  sounder- 
derived  values  of  C2  and  found  a  tendency  for  both  sets  of  data  to  be  log 
normally  distributed  in  the  early  morning  (0510-1000  LT)  with  a  mean  <C2> 
~7xl0"16m"23  and  a  standard  deviation  of  1.5  x  10"  15  m"  2  3.  In  the 
afternoon,  the  data  deviated  from  log  normality  and  had  a  mean  <C2> 
-3.0  x  10"15m_2/3  and  a  standard  deviation  of  2.0  x  10"l4m"2  3.  Neff  did 
not  analyze  any  nighttime  data  so  that  comparison  with  the  data  of 
Kallistratova  and  Timanovskiy  during  that  time  is  not  possible;  however,  if  we 
use  the  4/3  rule  to  scale  Neffs  daytime  data  at  92  m  down  to  the  12  m 
measurement  height  of  Kallistratova  and  Timanovskiy,  these  data  fall  into  the 
range  of  most  probable  C2  values  found  by  the  Soviet  workers.  This  agreement 
is  quite  remarkable,  considering  the  completely  different  measurement  tech- 
niques used  in  the  two  experiments.  Both  studies  give  C2  data  for  the  summer 
months,  and  there  appears  to  be  no  equivalent  study  available  for  the  other 
seasons  of  the  year. 

In  this  subsection  we  have  sketched  some  of  the  most  recent  observations 
and  attempts  to  model  the  behavior  of  the  refractive  index  structure  constant  in 
the  open  atmosphere.  Knowledge  of  this  behavior  is  exceedingly  important,  as 
will  become  obvious  in  the  next  section  where  we  define  the  central  role  of  the 
refractive  index  fluctuations  in  atmospheric  optical  propagation. 


519 


26  S.  F.  Clifford 

2.2  The  "Classical"  Theory  of  Optical  Propagation 

There  is  an  extensive  literature  on  the  subject  of  the  theory  of  line-of-sight 
propagation  through  the  atmosphere  and  other  random  media.  The  early  work 
by  Chernov  [2.36]  and  by  Tatarskii  [2.11]  solved  the  wave  equation  directly 
using  perturbation  techniques.  More  recently,  Lee  and  Harp  [2.37],  using  a 
highly  physical  approach  employing  a  weak  phase  screen  model,  rederived  the 
classical  results,  usually  with  much  more  ease  than  with  the  Chernov  and 
Tatarskii  approach.  Fante  [2.38]  described  the  power  of  transport  theory  in 
connection  with  the  propagation  of  beams  through  turbulent  plasmas.  This 
technique  can  also  be  applied  to  the  atmospheric  optical  propagation  problem 
and  appears  to  have  some  advantages  for  beam  wave  propagation. 

Because  this  chapter  is  somewhat  historical,  we  shall  develop  the  theoretical 
results  directly  from  Maxwell's  equation,  using  a  perturbation  technique  that  is 
perhaps  best  described  in  the  early  works  of  Tatarskii  [2.11, 12].  To  maintain 
simplicity  in  the  derivation  and  consistency  with  Tatarskii's  original  work,  we 
shall  assume  that  a  plane  wave  is  incident  upon  the  random  medium  and 
consider  the  resultant  fluctuations  of  amplitude  and  phase  only.  Other' 
important  quantities,  such  as  phase  difference  and  angle-of-arrival  fluctuations, 
were  considered  in  Lee  and  Harp  [2.37].  Lawrence  and  Strohbehn  [2.39]  and 
Fante  [2.40]  reviewed  most  of  the  significant  work  in  this  area  and  provided  a 
good  source  of  references.  Chapter  5  gives  a  full  mathematical  treatment  of  the 
more  general  beam  wave  case. 

2.2.1  The  Wave  Equation  for  Optical  Propagation 

We  assume  that  the  atmosphere  has  zero  conductivity  and  unit  magnetic 
permeability  and  that  the  electromagnetic  field  has  a  sinusoidal  time  de- 
pendence, given  by  e_,°".  [The  following  results  are  directly  applicable  to  the 
pulse  propagation  problem  for  pulses  longer  than  about  100  ps  (Fante  [2.40]).] 
We  can  derive  the  amplitude  and  phase  statistics  for  short  pulses  by  Fourier 
decomposition  of  the  waveform  into  a  spectrum  of  plane  waves.  (Some  relevant 
references  are  [2.41-47].)  Under  these  circumstances,  Maxwell's  equations  take 
the  following  form : 

P  H  =  0  (2.43) 

VxE  =  ikH  (2.44) 

VxH=-ikn2E  (2.45) 

F(«2£)  =  0,  (2.46) 

where  i=  J/—  1,  k  =  tv/c  is  the  wave  number  of  the  radiation,  w  is  its  radian 
frequency,  and  c  is  the  speed  of  light  in  free  space.  The  V  operator  is  the  well- 
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known  vector  derivative  (d/dx,d/dy,d/dz).  The  quantities  £  and  H  are  the 
vector  amplitudes  of  the  electric  and  magnetic  fields  and  are  a  function  of 
position  alone;  the  assumed  sinusoidal  time  dependence  is  contained  in  the 
wave  number  k.  The  atmospheric  refractive  index  n(r)  is  a  random  function  of 
position  with  the  statistical  properties  described  in  Section  2.1. 

To  generate  the  more  familiar  wave  equation  for  the  electric  field,  we  take 
the  curl  of  (2.44)  and,  after  substituting  (2.45),  obtain 

-V2E+V{V-E)  =  k2n2E.  (2.47) 

Equation  (2.46)  is  expanded  and  solved  for  V-E,  and  the  result  inserted  into 
(2.47)  and  we  obtain  the  final  form  of  the  vector  wave  equation 

V2E  +  k2n2E  +  2V(E-F\ogn)  =  0.  (2.48) 

In  (2.48)  we  have  substituted  the  gradient  of  the  natural  logarithm  for  Vn/n. 

The  last  term  on  the  left-hand  side  is  related  to  the  change  in  polarization  of 
the  wave  as  it  propagates.  Various  authors  [2.19,48-52]  considered  the  effects 
of  this  term  in  great  detail  and  deemed  it  negligible  for  /<^/0.  Clifford  [2.52] 
also  showed  that  the  depolarization  effects  of  the  atmosphere  are  negligible 
even  when  the  wavelength  X  is  greater  than  the  inner  scale  /0.  These  results 
permit  us  to  drop  the  last  term,  and  (2.48)  then  simplifies  to 

V2E  +  k2n2E  =  0.  (2.49) 

Two  final  points  about  (2.49)  will  be  considered  before  launching  into  its 
solution.  First,  from  (2.44),  we  see  that  H  is  a  function  of  £  and  that  any  results 
derived  from  (2.49)  directly  apply  to  H.  Second,  because  (2.49)  is  easily 
decomposed  into  three  scalar  equations,  one  for  each  component  of  the  electric 
field,  we  may  solve  one  scalar  equation  and  ignore  the  vector  character  of  the 
wave  until  the  final  solution;  therefore  we  need  only  analyze 

V2E  +  k2n2E  =  0,  (2.50) 

where  E  is  either  the  magnitude  of  the  electric  field,  if  it  is  linearly  polarized,  or 
any  of  the  vector  components  of  an  arbitrarily  polarized  field. 


2.2.2  Solution  by  the  Method  of  Small  Perturbations 

The  method  of  small  perturbations  involves  the  expansion  of  E  into  a  series  of 
ever-decreasing  terms  that  may  or  may  not  converge,  that  is, 

£  =  £0  +  £1  +  ....  (2.51) 
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Each  term  Em  is  assumed  to  be  of  the  order  of  smallness  (»,)"'.  Now,  if  the 
magnitude  of  successive  terms  is  sufficiently  small  compared  to  the  next  lower 
order  term  |£m  +  ,|<?|£J,  the  series  converges  and  a  finite  number  of  terms  will 
accurately  describe  the  propagation  problem.  Unfortunately,  this  does  not 
occur  for  all  situations  in  our  problem  and  the  series  may  be  divergent.  The 
physical  significance  of  this  fact  is  related  to  the  interpretation  of  higher  order 
terms  as  multiple  scatter.  The  zero-order  term  represents  the  unscattered  wave, 
the  first  order  represents  single  scattering,  the  second  order  double  scattering. 
and  so  forth.  It  turns  out  that  multiple  scattering  (higher  order  terms)  becomes 
increasingly  important  as  the  strength  of  the  refractive  index  fluctuations 
increases,  either  by  n,  becoming  larger  or  by  the  thickness  of  the  medium 
increasing  so  that  the  total  integrated  refractive  index  change  becomes  large. 
We  shall  ignore  these  problems  and  solve  for  the  single  scatter  solution  in  this 
chapter,  leaving  the  full  discussion  of  the  higher  order  terms  for  Chapter  3. 
However,  we  should  remember  that  the  single  scatter  results  are  valid  in  a  wide 
range  of  practical  problems. 

The  procedure  that  follows  is  to  substitute  £  =  £0  +  £,  into  (2.50)  and  to 
equate  to  zero  each  group  of  terms  of  the  same  order  in  »,.  This  results  in  two 
equations, 

P2£o  +  A-2£o  =  0  (2.52) 

|72£1+A-2£1+2A-2n1£0=0.  (2.53) 

In  (2.53),  we  have  ignored  terms  like  «,£,  because,  as  stated  above,  £;  is  of 
order  ni  and  therefore  the  product  »,£,  is  of  order  n~.  Following  Tatdrskii 
[2.1 1, 12],  we  assume  that  the  incident  or  unperturbed  field  is  a  unit  amplitude 
plane  wave  propagating  in  the  z  direction,  £0  =  exp[i/cr],  and,  after  noting  that 
it  satisfies  (2.52),  we  substitute  it  into  (2.53)  where  it  becomes  part  of  the  source 
term.  The  resulting  equation  is 

PaE1+fc2E,  =  -2*2n1e,*r.  (2.54) 

The  major  advantage  of  the  perturbation  procedure  is  that  we  have 
transformed  (2.50),  which  is  a  homogeneous  partial  differential  equation  with 
random,  space-dependent  coefficients,  to  the  nonhomogeneous  partial  differen- 
tial equation  with  constant  coefficients  given  in  (2.54).  Although  we  have 
sacrificed  considerable  generality  in  this  process,  (2.50)  may  not  be  solved 
without  specifying  the  particular  form  of /i,  (not  merely  its  statistics),  whereas 
(2.54)  may  be  solved  as  it  stands.  Its  solution  is  simply  the  convolution  of  the 
source  term  on  the  right-hand  side  with  the  Green's  function  of  the  equation, 
i.e., 

£,(r)  =  (47r)-1  [d3r'-. -[2/c2n1(i-')eik-"]  .  (2.55 

i         \r-r\ 
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Equation  (2.55)  states  that  the  scattered  field  observed  at  r  is  that  due  to  a 
spherical  wave  emitted  at  r',  that  is  \r—  r'\~l  exp(ifc|r— r'\),  whose  amplitude  is 
proportional  to  the  product  of  the  local  refractive  index  fluctuation  nx(r')  and 
the  strength  of  the  incident  radiation,  and  whose  phase  is  determined  by  the 
total  number  of  wavelengths  along  the  path  from  source  to  scatterer  to  receiver. 
We  then  integrate  these  contributions  from  all  points  r'  over  the  entire 
scattering  volume  V. 

There  are  several  simplifications  of  (2.55)  allowed  by  the  particular  charac- 
teristics of  laser  propagation.  Monochromatic  light,  scattered  by  weak,  large- 
scale  refractivity  fluctuations,  is  contained  in  a  narrow  cone  about  the  forward 
scatter  (  +  z)  direction.  From  the  laws  of  diffraction,  the  angle  of  scattering  will 
be  a  maximum  for  the  smallest  eddies  of  interest,  whose  scale  size  is  the 
microscale  of  turbulence  /0.  The  scattering  angle  in  this  case  is  of  the  order  X/l0, 
and  for  typical  values  (A-  0.6  x  10'  6m  and  l0  =  2x  10"  3m)  is  3  x  10  "4  radians. 
Hence,  the  maximum  extent  of  the  atmosphere  perpendicular  to  the  z  direction, 
from  which  scattered  radiation  is  incident  on  a  receiver,  is  typically  much  less 
than  the  longitudinal  distance  from  scatterer  to  receiver.  Mathematically,  if 
z  —  z'  is  the  longitudinal  distance  from  scatterer  to  receiver  and  if  \q  —  q'\  is  the 
transverse  displacement  from  the  z  axis,  then  we  would  expect  that 
\z  —  z'\$>\q  —  q'\  would  be  a  good  approximation  and  we  may  directly  replace 
|r  —  r'|  by  z  —  z'  in  the  denominator  of  (2.55). 

For  the  argument  of  the  exponential  we  must  be  more  careful  because  what 
is  important  there  is  not  just  the  relative  size  of  the  transverse  and  longitudinal 
displacements  of  the  scatterers,  but  how  many  wavelengths  are  contained  in 
these  distances.  We  must  retain  terms  that  are  large  enough  to  make  the 
argument  go  through  more  than  2n  radians.  Expanding  k\r  —  r'\  in  a  binomial 
series,  we  have 


k\r-r'\  =  k(z-z') 


,  1  (g-g'>2        (g-g'>4 
1+2(z-z')2      8(z-z')4 


(2.56) 


By  assuming  that  the  maximum  transverse  extent  is  approximately  AL//0  and 
z  —  z'-^L,  where  L  is  the  total  path  length,  the  second  term  in  (2.56)  is  of  the 
order  nXL/ll.  Therefore,  if  /0  <^  J/  AL,  the  second  term  is  large  and  we  must 
retain  it.  For  A  =  0.6x  10~hm  and  for  a  typical  path  of  1  km,  the  Fresnel  length 
j/IZ  is  ~  2.5  cm ;  with  /0  =  0.2  cm,  the  condition  for  the  second  term  being  large 
is  satisfied.  (The  third  and  successive  terms  are  negligible  by  the  same 
argument;  for  example,  the  third  term  is  of  the  order  PL/1%  which  is  extremely 
small  for  the  above  parameters.)  In  summary,  we  need  retain  only  z  —  z  in  the 
denominator  of  (2.55)  and  the  first  two  terms  of  (2.56)  in  the  exponential,  and 
this  results  in  the  expression 

Ei(r)=~^--id3rexp\  — — .  (2.57) 


In    i  "1    2(z-z')     J(z-z') 
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The  Fresnel  approximation  (2.56)  transforms  the  Green's  function  scatter- 
ing integral  (2.55)  to  the  so-called  Fresnel  diffraction  formula  (2.57).  This 
formula  (2.57)  is  the  exact  solution  to  the  diffusion  equation  with  a  source  term 
—  2k2ni  (Tatarskii  [2.1 1]).  One  further  interesting  point  about  (2.57)  is  that  the 
exponential  term  is  the  equation  for  the  location  of  the  interference  fringes 
produced  in  the  receiving  plane  at  z  by  the  interference  of  the  incident  plane 
wave  with  the  scattered  spherical  wave  (Huygen's  wavelet)  emitted  from  the 
point  (q', z).  It  is  these  fringes  that  produce  the  amplitude  and  phase  fluc- 
tuations that  we  observe  in  atmospheric  optical  propagation. 

Questions  of  interest  in  this  problem  are:  What  are  the  amplitude  or 
intensity  fluctuations  relative  to  the  free  space  values,  that  is,  how  much  will  the 
received  amplitude  fluctuate  due  to  its  interaction  with  the  atmosphere?  and 
what  are  the  phase  fluctuations  relative  to  the  phase  of  the  unperturbed  wave? 
Following  Tatarskii  [2.1 1, 12],  we  use  a  technique  that  takes  advantage  of  the 
simplifications  implicit  in  the  weak  scattering  assumption  to  obtain  expressions 
for  the  amplitude  and  phase  fluctuations  in  terms  of  £,.  The  field  E  =  E0  +  El 
by  assumption ;  therefore,  in  terms  of  amplitude  and  phase,  we  have 


=  1  + 


exp[i(s-s0)], 


(2.58) 


where  we  have  written  E  =  Ae\p(\s)  and  £0  =  /l0exp(is0).  Taking  the  natural 
logarithm  of  (2.58),  we  obtain 


S1+l 


Mi  +  4i 


+  i(s-s0), 


(2.59) 


where  Ax  is  the  amplitude  of  Ev  Because  |£,/£0|  <\  and  AJA0<\,  we  may 
expand  the  logarithm  in  a  power  series  and  retain  only  the  first  term  so  that 
(2.59)  becomes 


F         A 
§i*4>-+i(s-s0). 


(2.60) 


This  implies  that  we  may  obtain  the  amplitude  ratio  from  the  real  part  of  (2.57) 
and  the  relative  phase  fluctuations  from  the  imaginary  part,  provided  that  we 
normalize  this  equation  by  the  initial  wave  £0.  Consequently,  we  may  write 


k(Q-Q')2 


2(z-z') 


Hi(r') 

{z-z') 


(2.61) 


and 


(s-s0)=— JdVsin 

IK   y 


k(Q-Q'Y 


2(z-z') 


"i(r') 
(z-z') 


(2.62) 
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[In  (2.61)  and  (2.62),  we  have  used  the  fact  that  n^r')  is  real,  that  is,  there  is  no 
attenuation  of  the  wave  as  it  propagates.]  By  convention,  we  define 
X  =  \n(A/A0)^AJA0  and  s—s0  =  sv  Hereafter,  we  shall  be  considering  the  log 
amplitude  x  because  that  is  often  what  is  measured  experimentally,  but  recall 
that,  for  the  weak  scatter  point  of  view,  it  is  identical  to  the  normalized 
amplitude  fluctuation  AJA0. 

We  stiU  have  not  taken  advantage  of  the  path  geometry  to  simplify  our 
equations.  In  particular,  because  we  are  considering  a  plane  wave,  we  expect 
statistical  homogeneity  of  both  the  amplitude  and  phase  fluctuations  in  the 
plane  z  =  constant.  Of  course,  this  is  not  true  along  the  z  axis  because  we  expect 
the  fluctuations  of  x  and  s  to  increase  with  increasing  z  as  the  wave  propagates 
through  progressively  more  tefractive  turbulence.  Consequently,  it  is  useful  to 
expand  the  refractive  index  field  »,(r')  as  a  two-dimensional  Fourier-Stieltjes 
transform  of  the  form 


n1{r')=  j"dv(K,z')eiKV, 


(2.63) 


where  we  have  transformed  the  variation  of  the  refractive  index  field  only  in  the 
plane  perpendicular  to  the  propagation  direction  and  allowed  the  random 
amplitude  dv  to  be  a  function  of  z'.  Equation  (1.63)  is  the  same,  in  principle,  as 
those  discussed  in  Section  2.1.5;  specifically,  it  is  analogous  to  the  three- 
dimensional  transform  in  (2.22).  If  we  substitute  this  expression  for  rc,  into 
(2.61)  and  (2.62)  and  interchange  the  integration  over  dv  with  that  over  dV, 
then 


sr(r) 


k2l\d^      ] 


2k 


{z-z') 


T^JdVe 


\K    Q 


COS 

sin 


k(Q-Q')2 


(2.64) 


where  we  have  used  the  fact  that  d3r'  =  d2g'dz'. 

The  integral  over  g'  is  readily  performed  after  substituting  g'  =  g'  —  g. 
Because  the  cosine  and  sine  terms  are  functions  of  the  magnitude  of  g"  alone,  we 
can  use  polar  coordinates  q" ={q'\Q)  and  integrate  directly  over  9.  If  we  denote 
the  inner  integrals  of  (2.64)  as  /,  2,  we  have 


''^iw,, 


cos 


kg" 


2(z- 


Id0< 


,iKe"cos(0  -  i/j) 


(2.65) 


where  we  let  K  =  (K,ip)  in  the  last  term.  The  result  of  the  inner  integration  is  the 
Bessel  function  2nJ0(Kg")  (Gradshteyn  and  Ryzhik  [2.53])  which,  when  sub- 
stituted into  (2.65),  leaves  the  integral 


Ilt2  =  2itel"°ldQ"Q'1o(KQ")  sin 


cos 


kg" 


2(z-z') 


(2.66) 
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The  integral  in  (2.66)  is  the  Hankel  transform  of  the  cosine  or  sine  term  (Erdelyi 
[2.54]  and  Gradshteyn  and  Ryzhik  [2.53]).  After  performing  this  integration, 
(2.66)  becomes 


1,2 


2niz  —  z')   .„     (sin 
A:  cos 


K2(z-z') 


2k 


(2.67) 


and  (2.67)  substituted  into  (2.64)  gives  the  final  result 


XW 
*,(»•) 


-Je«-[*f*WO|t.os 


sin 


K2(z-z') 


2k 


(2.68) 


This  expression  can  be  interpreted  in  terms  of  a  two-dimensional  Fourier 
expansion  similar  to  (2.63),  that  is,  the  term  in  brackets  in  (2.68)  plays  the  same 
role  as  dv(K,z')  in  (2.63).  Therefore,  we  can  interpret  the  quantity  in  brackets  in 
(2.68)  as  the  random  spectral  amplitudes  of  the  amplitude  and  phase 
fluctuations. 

As  in  any  description  of  a  random  process,  we  must  settle  for  averaged 
properties  of  the  outcome  of  experiments.  Consequently,  we  consider  the  two- 
dimensional  covariance  functions  Bx(g)  and  Bs(g).  (The  first  moments  of  y  ar>d 
s,,  that  is,  <#>  and  <s,>,  are  both  zero  because,  by  definition,  <n,>=0.  This 
result  is  due  to  retaining  only  the  first-order  perturbation  term  El  in  the  initial 
expansion  of  the  field.  If  we  retained  second-order  or  higher  terms,  </>  and 
<5,>  would  be  nonzero,  but  small.)  We  use  the  two-dimensional  covariance 
functions  for  the  reasons  alluded  to  earlier,  namely,  the  statistical  homogeneity 
of  the  amplitude  and  phase  fluctuations  in  the  plane  z  =  constant.  Normally. 
Bx(q)  and  Bs(g)  are  computed  in  the  receiving  plane,  which  we  shall  later  assume 
is  located  at  the  position  z  =  L,  that  is, 


BxiQ,z)  =  <-M+e,z)X*(Qi,z)>* 


(2.69) 


with  a  similar  definition  for  Bs(g,  z).  If  we  insert  (2.68)  into  (2.69),  we  obtain  the 
fourfold  integral 


Bx(g) 
BM 


sin 


:fc2ffei*-««'+«>-i*-«'frfz'frfz" 

oo        I  cos 

\d\iK,z')dv*(K',z")}. 


K2(z-z') 


2k 


sin 

cos 


K'2(z-z") 


2k 


(2.70) 


We  already  know  how  to  handle  the  quantity  in  the  angle  brackets  from  the 
discussion  in  Section  2.1.5.  For  the  particular  case  of  two-dimensional  random 
amplitudes,  such  as  dv,  the  equation 


(d\{K,  z')dv*(K',  z")>  -  <5(K  -  K')Fn(K',  z'  -  z")d2Kd2K' 


(2.71! 
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pertains.  The  function  Fn(K',z'  —  z")  is  the  two-dimensional  spectral  density  of 
the  refractive  index  fluctuations  defined  by 


F„(K\z'-z")  =    J   dK:<Pn(K\Kz)cos[K:(:'-z"n, 


(2.72) 


where  <Pn  is  the  three-dimensional  refractivity  spectrum.  After  inserting  (2.71) 
into  (2.70)  and  performing  the  K'  integration,  (2.70)  reduces  to 


BX(Q) 
BM 


\d2KexpiKe 


k2[dz'\dz" 

o       b        I   (>'< 


sin 


K2(: 


2k 


sin 
cos 


K2(z-z") 
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F„(K,z'-z")  .(2.73) 


Because  the  Fourier  transform  of  the  quantities  in  the  brackets  equals  their 
respective  covariance  functions,  these  quantities  must  be  the  two-dimensional 
spectral  densities  of  x  and  s.  To  be  consistent  with  the  notation  in  (2.72),  we 
shall  denote  these  spectra  as  Fx(K,0)  and  FiK.O). 

Equation  (2.73)  can  be  simplified  greatly  by  considering  some  of  the 
properties  of  Fn  as  well  as  the  geometric  characteristics  of  the  optical 
propagation  problem.  (The  remaining  part  of  the  analysis  closely  parallels 
[2.11,12]  where  it  is  done  in  considerably  more  detail.)  First,  it  is  apparent 
from  (2.72)  that  Fn(K,z'  —  z")  is  an  even  function  of  z'  —  z",  that  is, 


Fn(K,z'-z")=F„(K, 


(2.74) 


Second,  Fn  expresses  the  correlation  of  nx  on  adjacent  planes  along  the  z  axis, 
and  clearly  only  those  refractive  index  homogeneities  whose  size  2tiK~  '  is  as 
large  as  or  greater  than  the  separation  of  the  two  planes  z'  —  z"  will  contribute 
significantly  to  that  correlation.  Smaller  eddies  will  not  intersect  the  two  planes 
and  will  not  contribute  much  to  the  correlation.  From  this  argument  and  the 
assumption  of  isotropic  turbulence  Fn(K,z'  —  z")  =  Fn(K,z'  —  z"),  we  expect  that 
Fn  will  decay  rapidly  for  K\z' —  z"\>\.  To  take  optimum  advantage  of  these 
facts,  we  make  the  transformation  of  variables  1,—z'  —  z",  2r]  =  z'  +  z".  After 
noting  that  the  Jacobian  of  this  transformation  is  unity  and  with  Fn  now  even  in 
£,  we  can  write  the  amplitude  and  phase  spectra  in  the  following  form: 


Fx(K,0) 
Fs(K,0) 


-I 


=  fc2f^F„(K,£)    J    *, 


cos 


K2<T\- 


1k 


+  COS 


K2(L-ti) 


(2.75) 


In  (2.75),  we  have  dropped  the  vector  notation  because  of  the  assumption  of  an 
isotropic  spectrum  for  Fn.  We  also  have  replaced  the  position  variable  z  by  L, 
the  total  path  length  through  the  medium.  To  simplify  (2.75)  even  further,  we 
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note,  as  above,  that  F„-»0  for  <^>K~  \  or  equivalently,  the  important  region  of 
integration  is  for  £^K~l.  This  implies  that  the  argument  of  the  first  cosine 
satisfies  K2£/(2k)^K/2k.  Now  /Cmax~27i/o  '  where  /0  is  the  microscale  of 
turbulence;  therefore,  K/2k  is  of  the  order  A//0  which,  from  our  earlier 
assumption,  is  much  less  than  unity.  Consequently,  cos[/C2<^/(2/c)]  is  approxi- 
mately unity  for  the  entire  range  of  integration  over  £.  Further,  if  we  make  the 
assumption  £  <l  L,  we  can  ignore  its  presence  in  the  y\  integration  limits.  This  is 
obviously  true  because  in  the  important  region  of  integration  £^K~  '  and  for 
the  Kolmogorov  spectrum,  K_1  has  a  maximum  value  of  L0/(2n);  con- 
sequently, £  ^  L0.  Therefore,  if  L0  <  L  then  we  can  drop  the  £,  dependence  inside 
the  y\  integral  altogether.  Physically,  this  requires  that  our  path  length  be  much 
longer  than  the  outer  scale  length.  Because  L0  ~  1  m  near  the  ground,  this  is 
easily  satisfied  for  reasonable  optical  paths.  The  final  result  of  all  these 
assumptions  is  that  the  two  integrals  in  (2.75)  become  independent.  The  c 
integration  is  easily  performed  in  the  case  L0<L  because,  for  £ f£ L0,  the  upper 
limit  may  be  replaced  by  infinity  with  negligible  error.  The  final  integration 
follows  from  the  definition  (2.72),  that  is, 

00 

ldtFn(K,Q=ii<P„(0,K),  (2.76) 

0 

and  for  isotropic  turbulence  <Pn(0,  K)  =  <P„(K).  The  r\  integration  is  readily 
performed,  and  the  final  result  for  the  amplitude  and  phase  spectra  becomes 


FAK,0) 


Fs(K,0) 


=  nk2L 


1+l^lsm 


KlL 


4>n(K).  (2.77) 


2.2.3  Covariance  and  Structure  Functions  for  Kolmogorov  Turbulence 

In  (2.77),  we  found  the  power  spectral  density  of  the  amplitude  and  phase 
fluctuations  of  a  plane  optical  wave  propagating  through  a  random  refractive 
index  field  whose  power  spectrum  is  <P„{K).  The  first  factor  in  (2.77)  is  the 
optical  transfer  function  for  the  atmosphere.  When  the  minus  sign  applies  (log- 
amplitude  spectrum),  this  function  approaches  zero  as  K-*0,  or  equivalently,  it 
suppresses  the  influence  of  the  large-scale  refractive  index  irregularities  on  the 
log-amplitude  fluctuations.  On  the  other  hand,  when  the  plus  sign  applies 
(phase  spectrum),  as  K->0,  this  function  approaches  a  constant  and  does  not 
suppress  the  large-scale  inhomogeneities. 

If  we  insert  the  Kolmogorov  spectrum  (2.36)  in  (2.77),  the  log-amplitude 
spectrum  would  be  band  limited  with  a  peak  at  a  spatial  frequency 
K~2n(XL)~112,  whereas,  the  phase  spectrum  would  depend  quite  strongly  on 
the  largest  scales  and,  consequently,  would  have  a  maximum  at  K~2tiLq '. 
This  implies  that  the  log-amplitude  fluctuations  are  produced  largely  by 
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Fresnel  /one  size  eddies  with  scale  si/e  of  the  order  [  /./.  and  the  phase 
fluctuations  are  produced  by  the  largest  scale  eddies  in  the  medium.  This  latter 
fact  makes  the  measurement  of  the  phase  structure  function  preferable  to  the 
phase  covariance  function  because,  as  discussed  before,  the  structure  function 
acts  as  a  spatial  filter  to  remove  the  influence  of  large-scale  eddies.  The  difficult} 
in  measuring  the  phase  covariance  function  directly  is  that  large  spatial  scales 
imply  long  measurement  times  to  get  adequate,  stable  statistics,  and,  if  you  wait 
too  long,  the  nonstationarily  of  the  atmosphere  will  contaminate  the  data. 

From  (2.77),  we  can  compute  more  easily  measured  quantities  such  as  the 
covariance  of  the  log-amplitude  and  the  structure  function  of  the  phase 
fluctuations.  The  relation  between  F  (K,Q)  and  the  covariance  function  B^g)  is 
given  by  the  two-dimensional  Fourier  transform  (2.73).  Because  we  have 
assumed  that  F  is  isotropic  in  K.  this  relation  can  be  simplified  by  changing 
variables  in  (2.73)  from  K  =(K'V.  Kv)  to  circular  coordinates  K  and  0.  Then  we 
may  perform  the  integral  over  the  angular  coordinate  as  we  did  in  (2.28)  and 
(2.29)  to  yield  the  isotropic  transform 


Bx Jl>)  =  2k  |  (IKK)0(Ki>)F, JK,Q). 


(2.78) 


where  )0(Ko)  is  the  zero-order  Bessel  function  of  the  first  kind,  defined  by  the 
relation 


1    2," 

}0(Kq)=  -     eiKecO!i0<M. 

'"■  o 


in 


(2.79) 


When  (2.77)  is  substituted  into  (2.78).  we  obtain 
B/Si>)  =  2n2l<2L\ilKKJ0(KL>) 


'AMY1 


<*>(*  1 


(2.80) 


Since  it  is  nearly  impossible  to  measure  Bs{q)  because  of  its  sensitivity  to  large 
spatial  and  temporal  scales,  the  physically  useful  quantity  is  the  phase  structure 
function,  defined  in  analogy  to  (2.31)  as 


Dv(e)  =  2[Bs(0)-Bs(e)]. 

Substituting  (2.80)  into  (2.81)  gives 


DsUj)  =  4n2k2L\  dKK 


K2L 


(2.81) 


U-}0{KQft<t>„(K).  (2.82) 


We  are  finally  ready  to  calculate  the  exact  form  of  B  (q)  and  Dj.i>)  by 
inserting  the.  Kolmogorov  spectrum  for  <J>H  and  integrating.  Using  (2.80).  we 
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Fig.  2.5.  Plot  of  the  nor- 
malized covariance  func- 
tion of  the  log-amplitude 
fluctuations  as  a  function 
of  spacing  in  Fresnel  zones 


first  calculate  the  variance  of  the  log-amplitude  a2  from  B  (0).  After  performing 


the  integration  (Tatarskii  [2.11,12])  and  using  the  assumption  /0  <^ 
obtain 


XL,  we 


a2=0.3lk1'6Lul6C2„. 


(2.83) 


As  we  shall  see  in  later  chapters,  it  is  the  breakdown  of  the  validity  of  this 
formula  for  long  paths  and  strong  turbulence  that  caused  a  reexamination  of 
the  validity  of  the  perturbation  approach. 

Figure  2.5  illustrates  the  behavior  of  the  normalized  covariance  function 
bx(g)  —  Bx(g)/a2  in  the  receiving  plane  z  —  L.  Note  again  the  preeminent  role  of 
the  Fresnel  length  yXL  and  the  negative  tail  indicative  of  the  band  limited 
nature  of  the  spatial  spectrum.  The  negative  tail  implies  that  for  any  two  points 
in  the  receiving  plane  separated  by  approximately  one  Fresnel  length,  on  the 
average,  one  point  will  be  in  a  region  that  is  brighter  than  the  average 
irradiance  and  the  other  will  be  in  a  region  that  is  darker.  (The  rather 
complicated  expressions  for  BJa2,  involving  hypergeometric  functions,  are 
available  in  Lawrence  and  Strohbehn  [2.39].) 

Finally,  inserting  the  Kolmogorov  spectrum  into  (2.82),  we  can  calculate 
directly  the  power  law  of  the  phase  structure  function.  For  the  case  where  the 
separation  g  satisfies  the  condition  /0  <^g<^  I/XL,  we  have  ([2.11, 12]) 


Ds(g)=lA6C2k2Lg 


.5/3 


(2.84) 


and,  for  y  XL  <g<L0, 
Ds(g)  =  2.92C2k2Lg513. 


(2.85) 


The  behavior  of  Ds(g)  for  g  ^>  L0  is  unknown  because  we  have  only  specified  the 
spectrum  <Pn  in  the  inertial  subrange.  The  detailed  behavior  of  Ds  for  large  g 
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depends  on  the  particular  form  of  <Pn  in  the  low  spatial  frequency  region,  which 
is  probably  not  a  universal  function. 

The  above  formulas  for  the  amplitude  and  phase  statistics  were  derived 
using  the  Born  approximation  (2.55).  The  range  of  validity  of  this  approxima- 
tion is  determined  by  the  smallness  of  the  scattered  field  with  respect  to  the 
unperturbed  field,  i.e.,  |£,|  <l|£0|.  In  his  earlier  work  accomplished  in  the  1950s, 
Tatarskii  [2.1 1],  using  a  technique  first  described  by  Rytov  [2.55],  derived  these 
same  results  under  apparently  less  restrictive  conditions  requiring  only  the 
smallness  of  the  gradient  of  the  complex  phase  of  the  scattered  wave  compared 
with  the  unperturbed  phase  gradient.  Initially,  many  workers  believed  that  this 
gave  the  amplitude  and  phase  results  a  much  greater  range  of  validity  in  terms 
of  C\  and  path  length  than  the  Born  approximation  derivation.  Russian 
workers  such  as  Pisareva  [2.56],  Feinberg  [2.57],  Tatarskii  [2.58],  and  later 
American  workers  Hufnagel  and  Stanley  [2.26]  and  Brown  [2.59]  challenged 
the  claim  for  the  extended  range  of  validity  of  the  Rytov  method.  It  is  now  well 
established  that  the  optimistic  estimates  of  the  range  of  validity  of  the  Rytov 
approximations  were  unfounded  and  the  results  obtained  by  this  method  are 
valid  only  when  a2x  ^0.3.  This  failure  is  due  to  the  fact  that  the  Rytov  technique 
fails  to  account  for  multiple  scattering  effects  in  a  consistent  manner. 

It  appears  from  some  experimental  work  (Gurvich  et  al.  [2.60]),  where 
measurements  have  been  made  in  strong  integrated  turbulence,  that  the  phase 
results  (2.84)  and  (2.85)  and  other  related  quantities  such  as  angle-of-arrival 
fluctuations  {Strohbehn  and  Clifford  [2.48])  have  a  greater  range  of  validity 
than  the  log-amplitude  statistics  (Fante  [2.40]).  It  may  then  be  true  that 
measurements  of  the  phase  fluctuation  statistics  in  the  late  afternoon  on  long 
paths  where  we  expect  a*  >0.3  will  agree  with  the  first-order  theory  results  even 
though  the  amplitude  statistics  will  not. 


2.2.4  A  Qualitative  Interpretation  of  the  First-Order  Scattering  Theory 

Figure  2.6  illustrates  schematically  the  interaction  of  a  plane  optical  wave  with 
the  turbulent  atmosphere.  The  wave,  initially  having  a  uniform  phase  front  at 
4,  encounters  refractive  index  irregularities  between  A  and  B.  At  location  B, 
the  wave  has  experienced  phase  changes  which  are  due  only  to  the  speeding  up 
and  slowing  down  of  different  segments  of  the  wave  front.  The  bumpy  nature  of 
the  wave  front  at  B  produces  a  deviation  of  the  local  wave  normals  so  that  rays, 
emanating  from  different  portions  of  the  wavefront,  will  eventually  interfere 
and  produce  irradiance  fluctuations  (scintillations)  at  C.  It  is  this  process  that 
produces  the  observed  log-amplitude  variance  (2.83)  and  the  spatial  structure 
described  statistically  by  the  covariance  function  in  Fig.  2.5. 

There  are  several  important  characteristics  of  the  scintillation-producing 
process  that  can  be  gleaned  from  a  simple  geometric  analysis  of  the  pro- 
pagation problem.  In  Fig.  2.7,  a  refractive  index  irregularity  of  radius  /,  located 
at  z,  is  illuminated  by  a  plane  optical  wave.  A  detector  at  path  position  L 
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Fig.  2.6.  Schematic  of  the  interaction  of  a 
plane  optical  wave  with  atmospheric  re- 
fractive index  fluctuations 


Receiver 


Fig.  2.7.  Diagram  of  the  geo- 
metry for  determining  the  size 
/  of  the  most  effective  eddy 
located  at  path  position  z  on  a 
total  optical  path  of  length  L 


observes  the  scintillation  pattern  that  the  irregularity  produces.  The  criterion 
that  determines  the  effectiveness  of  this  eddy  in  producing  irradiance  fluc- 
tuations at  L  is  the  amount  of  excess  phase  path  between  AL  and  ZL,  that  is, 
for  this  eddy  to  be  completely  effective  in  producing  scintillation,  the  ray  paths 
AL  and  ZL  should  differ  by  at  least  one-half  wavelength  of  the  incoming  plane 
wave;  this  produces  strong  interference  of  the  signal  at  L.  From  the  geometry  of 
Fig.  2.7,  this  criterion  requires  that  /=  ]/  X{L  —  z).  This  minimum  size  irregu- 
larity also  turns  out  to  be  the  most  effective  size  for  producing  scintillation ; 
smaller  eddies  at  z  contribute  less  because  of  the  weaker  refractivity  fluc- 
tuations associated  with  them  in  the  Kolmogorov  spectrum,  and  hence,  because 
the  amplitude  of  the  field  scattered  by  the  eddy  is  proportional  to  its  refractivity 
fluctuation,  proportionally  less  scattered  energy.  Larger  eddies  at  z  will  not 
produce  strong  scintillation  because  they  do  not  diffract  light  through  a  large 
enough  angle  to  reach  the  observer  at  z  =  L.  Since  an  eddy  of  size  /diffracts  light 
through  an  angle  X/l,  in  order  to  be  observed  at  z  =  L  the  eddy  must  diffract 
energy  through  an  angle  l/(L  —  z).  However,  by  assumption,  the  eddy  is  larger 
than  a  Fresnel  zone  and,  as  a  consequence,  the  inequality  A// <l/(L—  z)  pertains 
and  no  energy  reaches  the  observer.  Therefore,  as  predicted  by  the  theoretical 
results  (2.77)  and  confirmed  by  our  geometric  argument,  the  most  effective  eddy 
for  producing  scintillations  at  the  receiver  is  the  eddy  whose  size  is  equal  to  that 
of  a  Fresnel  zone  for  the  rest  of  the  optical  path. 

Because  the  refractive  index  irregularities  are  illuminated  by  a  plane  wave, 
the  disturbance  they  produce  at  the  receiver  will  have  the  same  scale  size,  and 
hence,  the  predominant  size  of  the  spatial  structure  in  the  scintillation  pattern 
also  will  be  the  size  of  a  Fresnel  zone  for  the  whole  path.  This  explains  why  the 
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Fig.  2.8.  The  dashed  curve  is  the  size  (in 
Fresnel  zones  I//.L)  of  the  most  effective 
eddy  for  producing  scintillation  on  an 
optical  path  of  length  L  in  the  z  direction ; 
the  solid  curve  is  the  relative  importance 
of  refractive  turbulence  in  producing  scin- 
tillation as  a  function  of  position 


covariance  function  (Fig.  2.5)  depends  only  on  the  Fresnel  length  and  not  on 
the  entire  refractive  index  spectrum. 

Finally,  the  dashed  curve  in  Fig.  2.8  shows  the  behavior  of  the  radius  of  the 
most  effective  irregularity  as  a  function  of  path  position.  Note  that  the  largest 
(smallest)  scale  structure  in  the  scintillation  pattern  originates  from  the 
transmitter  (receiver)  end  of  the  path.  One  further  piece  of  information  readily 
available  from  the  diagram  is  the  relative  effectiveness  of  different  portions  of 
the  path  for  producing  scintillation.  Because  we  are  performing  a  one- 
dimensional  calculation,  we  assume  the  Kolmogorov  spectrum  in  its  one- 
dimensional  form,  that  is,  K~513,  and  we  insert  the  most  effective  eddy  size 
/  =  ]/ k(L  —  z)  into  this  form  of  the  spectrum.  Then  we  obtain  the  optical 
scintillation-weighting  function  for  the  path  W -^  [(L  —  z)]5  6.  This  function 
describes  the  relative  effectiveness  of  each  portion  of  the  propagation  path  for 
producing  optical  scintillation.  The  solid  curve  in  Fig.  2.8  shows  this  function; 
note  that  the  beginning  of  the  path  is  most  effective  in  contributing  to  the 
scintillation  and  that  the  end  near  the  receiver  has  a  very  small  influence.  The 
dominance  of  the  Fresnel  zone  sized  eddies  occurs  because  of  the  geometry  of 
the  propagation  problem  and  not  because  of  any  predominant  size  of  refractive 
index  eddies  in  the  atmosphere. 


2.3  The  Early  Experimental  Work 

Perhaps  the  first  experiments  in  line-of-sight  optical  propagation  along  near- 
ground  paths  were  carried  out  by  Tatarskii  et  al.  [2.61]  and  Gurvich  et  al. 
[2.62].  There  have  also  been  many  experiments  with  stellar  scintillations  that 
predated  this  work,  for  example  [2.63  67],  but  their  relevance  in  direct 
comparison  with  the  theory  is  limited.  The  advantage  of  the  near-ground, 
horizontal-path  measurements  is  the  ability  to  control  the  experimental  path 
length,  and  more  importantly  to  measure  C*  directly  with  temperature  probes. 
Tatarskii  et  al.  [2.61]  and  Gurvich  et  al.  [2.62]  found  quite  good  agreement 
between  the  theoretical  results  for  the  variance  (2.83)  and  covariance  (Fig.  2.5) 
of  the  fluctuations  in  the  log-amplitude.  In  their  experiments,  they  also  found 
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Fig.  2.9.  Variance  of  the  log-amplitude  standard  deviation  a  at  each  of  four  path  lengths  compared 
to  the  refractive  index  structure  parameter  C„ 


that  the  irradiance  fluctuations  were  log  normally  distributed,  that  is,  the 
logarithm  of  the  irradiance  was  normally  or  Gaussian  distributed.  Their  actual 
technique  was  to  measure  the  log  irradiance  fluctuations  er2  =Mlog///0)2  and  use 
the  relation  o1  =  4a2  to  check  the  theory.  It  is  perhaps  expected  that  they  would 
obtain  good  agreement  with  the  first-order  theory  because  the  maximum 
observed  scintillation  of  their  incandescent  source  was  <r2~0.1,  which  is 
sufficiently  weak  to  prevent  the  effects  of  multiple  scattering  from  dominating. 
Most  recent  experiments  show  the  multiple-scattering  regime  sets  in  at  about 
a2>0.3. 

Following  the  initial  success  of  the  theory,  Soviet  scientists  Gracheva  and 
Gurvich  [2.68]  were  the  first  to  observe  the  so-called  saturation  phenomenon. 
Initially,  the  log-amplitude  variance  would  increase  as  predicted  by  (2.83)  with 
increasing  path  length  or  C2,  only  to  stop  increasing  and  saturate  when 
kll6Ll  1/6C2>  1.  Further  observations  of  this  phenomenon  were  made  in  the 
Soviet  Union  [2.69,70]  and  later  in  the  United  States  [2.71,72].  Some  authors 
[2.73,74]  even  noted  a  decrease  in  ct2  with  further  increases  in  integrated 
turbulence  when  /c7/6Ln/6C2>  1. 

Figure  2.9  illustrates  some  recent  data  on  the  saturation  phenomenon 
(Clifford  et  al.  [2.75]).  Here  we  have  simultaneous  measurements  of  a  for  24  h 
over  four  different  optical  paths — 50,  310,  500,  and  1000  m.  Also  shown  for  the 
same  period  is  a  direct  point  measurement  of  Cn  derived  from  fine-wire 
thermometer  measurements  of  CT.  The  theory  (2.83)  indicates  that  a  is 
proportional  to  C„.  This  is  clearly  evident  on  the  50  m  path  where  there  appears 
to  be  detailed  correlation  between  Cn  and  a  .  On  the  longer  paths,  the  increase 
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in  refractive  turbulence  does  not  produce  a  corresponding  increase  in  ar  In 
fact,  on  the  1000m  path  as  C„  increases  between  800  and  1400  MDT,  ax 
actually  decreases.  The  path  length  dependence  in  (2.83)  also  appears  to  be 
inadequate  to  explain  the  data,  that  is,  <rx~Ln/12.  Again,  the  log-amplitude 
standard  deviation,  instead  of  being  roughly  proportional  to  path,  tends  at 
times  to  level  off  and  even  decrease. 

Interestingly,  almost  all  experimenters  noted  that  the  probability  distri- 
bution remained  log  normal  even  when  the  weak  scattering  theory  failed.  This 
remains  especially  surprising  today  because  it  is  well  demonstrated  experimen- 
tally that  the  structure  of  the  two-dimensional  scintillation  pattern,  as  indicated 
by  the  covariance  function,  is  drastically  altered  in  strong  turbulence  from  the 
prediction  (Fig.  2.5).  This  was  the  state  of  the  theory  in  the  late  1960s.  Severe 
doubt  had  been  cast  on  the  validity  of  the  weak  scattering  theory,  especially 
with  regard  to  the  Rytov  assumption  (Strohbehn  [2.19]).  This  stimulated  a 
prodigious  amount  of  theoretical  attempts,  both  purely  mathematical,  using 
techniques  from  quantum  electrodynamics  to  solve  the  scattering  equation 
(2.50)  and  new  physical  models  of  propagation  to  bring  the  theoretical 
predictions  closer  in  line  with  experimental  reality.  These  results  will  be 
discussed  in  more  detail  in  Chapters  3  and  4. 
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A  BASIC  COMPARISON  OF  LIDAR  AND  RADAR 
FOR  REMOTE  SENSING  OF  CLOUDS 


V.  E.  Derr 
Both  radar  and  lidar  have  proved  valuable  in  studying  cloud  micro- 
physics  and  dynamics.  Because  of  the  large  difference  in  wave-length,  the 
two  techniques  have  differing  penetration  capabilities  and  detection  sen- 
sitivities. A  "system-free"  comparison  of  radar  and  lidar  for  several 
missions  and  many  cloud  types  is  presented  to  permit  the  optimum  choice 
of  technique  for  field  studies  of  cloud  formation,  development,  and  pre- 
cipitation. 
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NOAA  SURFACE  MAPPING  RADAR:   THEORY  AND  APPLICATION 
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Abstract 

The  National  Oceanic  and  Atmospheric  Administration  has  developed 
a  remote  sensing  instrument  for  the  measurement  of  surface  currents  over 
large  areas  of  oceans.   This  system  utilizes  the  backscatter  of  a  sur- 
face current  induced  Doppler  shifted  signal  from  6  m  ocean  waves.  A 
single  map,  containing  800  surface  current  vectors  and  covering  2000 
square  kilometers  of  ocean,  can  be  produced  in  less  than  eight  minutes. 
The  C0DAR  (Coastal  Ocean  Dynamics  Radar)  system  has  been  successfully 
tested  in  Florida,  Alaska,  California,  Georgia,  and  Washington  over 
the  previous  two  years. 

Introduction 

The  NOAA  surface-current  mapping  radar  is  a  recent  development  in 
the  field  of  remote  sensing  with  direct  applications  in  physical  ocean- 
ography.  We  have  given  this  system  the  name  CODAR  for  Coastal  Ocean 
Dynamics  Radar.   The  CODAR  system  is  capable  of  producing  a  "map"  of 
surface  currents  covering  an  area  of  several  thousand  square  kilometers 
in  less  than  eight  minutes.   For  the  first  time  simultaneous  measure- 
ments of  thousands  of  points  over  a  large  area  of  ocean  are  possible. 
Areas  of  potential  use  for  this  system  include:  real  time  oil  spill 
trajectory  monitoring,  environmental  impact  studies,  worst-case  produc- 
tion platform  designs,  fish-egg  transport  studies,  beach-erosion  stud- 
ies, coastal-zone  management,  and  nuclear  power  plant  thermal  plume 
trajectory  analysis.  We  present  a  brief  technical  description  of  the 
radar  principles,  followed  by  examples  of  measurements  made  to  date 
using  this  system. 

Theory  of  Operation 

The  CODAR  system  utilizes  backscatter  of  high  frequency  (HF)  sur- 
face waves  from  the  ocean  surface.   Previous  work  (3)  has  shown  that 
such  a  signal  scatters  from  ocean  waves  1/2  the  transmitted  wave  length 
(e.g.,  «  6  m  long  ocean  waves  at  25.6  MHz)  as  illustrated  in  Fig.  1. 
Such  waves  are  nearly  always  present  and  are  essentially  fully  developed 
at  *  5  cm  height.   A  6  m  wave  will  travel  in  deep  water  (>  2m)  at  a 
known  velocity  of  3  m/s.  This  velocity  produces  a  Doppler  shift  of 
±  .516  Hz  on  the  backscattered  25.6  MHz  pulse  whose  sign  depends  on  the 
wave  direction  relative  to  the  radar  (radially  toward  or  away  from) . 
If  a  surface  current  is  present  a  further  Doppler  shift  is  superimposed 
on  that  produced  by  the  wave  motion.  By  analyzing  the  spectrum  of  the 
echo  from  the  ocean  surface,  we  are  thus  able  to  determine  the  surface 
current. 
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Ordinarily,  a  very  large  antenna  array  would  be  required  to  obtain 
the  angular  resolution  required  for  these  measurements.  However,  it 
has  been  possible  to  use  the  properties  of  the  Doppler  spectrum  to 
separate  signals  arriving  from  different  directions  by  measuring  the 
phase  differences  between  echoes  arriving  at  four  whip  antennas.  A 
detailed  discussion  of  the  entire  process  is  given  elsewhere  (1,2). 
Figure  2  illustrates  a  block  diagram  of  the  complete  system. 

A  single  system  is  capable  of  resolving  only  the  radial  component 
of  the  surface  currents.   Therefore,  we  use  two  radars  separated  by  20 
km  to  50  km  and  combine  the  radial  currents  in  the  common  overlap  area 
to  produce  a  total  surface  current  map.   The  individual  sites  may  be 
shore-based  or  located  on  platforms  and  are  capable  of  obtaining  data 
in  a  360°  arc.  While  we  believe  ship  operation  is  possible,  we  pre- 
sently require  a  stable  platform. 

The  maximum  range  of  the  CODAR  system  is  approximately  60  km.  For 
two  shore  based  sites  (with  «  30  km  separations)  the  total  coverage 
area  is  approximately  2000  km2  providing  a  display  of  approximately  800 
current  vectors  arranged  on  a  rectangular  grid.   Each  vector  represents 
the  average  surface  current  ina2.4kmx2.4km  square.   The  size  of 
the  square  is  a  function  of  the  transmitter  pulse  length  and  is  variable. 
As  a  6  m  ocean  wave  is  only  influenced  by  currents  to  a  depth  of  about 
one  meter,  we  are  truly  measuring  surface  currents  in  this  square. 

Hardware 

All  the  electronics  for  a  single  CODAR  site  are  contained  in  a 
shock  mounted  35"  enclosure.   Depending  on  specific  requirements  a 
micro-processor  version  is  feasible  with  a  further  size  reduction  of  40%. 
One  of  the  key  features  of  this  system  is  its  portability;  we  often 
deploy  radar  stations  in  helicopter  cargo  slings  and  use  small  diesel 
generators  to  supply  power.   The  transmitting  antenna  is  a  simple 
collapsible  Yagi,  and  four  CB  whips  are  used  for  receiving  (Fig.  3,4). 
Typical  hardware  deployment  time  for  a  complete  site  is  2  hours  (not 
including  housing) . 

At  the  present  time,  all  hardware  items  are  available  from  commer- 
cial vendors,  with  the  exception  of  the  HF  receiver.   The  estimated 
cost  of  duplicating  the  two  site  CODAR  system  varies  from  50  K  to  125  K 
depending  on  specific  requirements. 

A  single  CODAR  site  consists  of  the  following  items: 

1.  DEC  PDP  11/34A  computer 

2.  9  track  digital  tape  recorder 

3.  Video  terminal 

4.  Transmitter 

5.  Receiver 
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6.  Graphic  device 

7.  VHF  communications  and  telemetry 

8.  Receiving  and  transmitting  antennas. 

Figure  5  illustrates  the  CODAR  system  in  a  typical  configuration.   Sur- 
face current  maps  are  routinely  produced  in  the  field  in  real  time,  and 
no  further  processing  is  necessarily  required;  magnetic  tape  is  used 
only  for  data  archiving.   The  system  requires  no  calibrations.  Our 
present  software  allows  automatic  programming  of  data  acquisition  and 
processing  at  predetermined  intervals. 

Field  Operations 

Considerable  effort  has  been  devoted  to  comparing  CODAR  data  with 
conventional  surface  drifters.   Typical  point  intercomparisons  yield 
differences  of  10%  to  15%.   This  is  the  same  magnitude  error  we  ob- 
serve between  initially  colocated  drifters.  While  the  absolute  accuracy 
of  the  CODAR  system  is  difficult  to  measure,  we  feel  that  it  is  superior 
to  any  known  conventional  technique  because  of  its  internal  consistency. 
The  hardware  is  capable  of  resolving  1  mm/s  while  our  present  analysis 
software  resolves  1  cm/s.  We  have  observed  during  field  operations 
consistent  well  behaved  current  flows  of  several  cm/s.  The  ultimate 
accuracy  is  dependent  on  signal  to  noise  ratios  and  second  order  effects 
in  the  scattering  mechanism.   Extensive  ground  truth  experiments  have 
been  conducted  over  the  past  two  years  in  Miami,  Florida;  Savannah, 
Georgia;  and  Cook  Inlet,  Alaska.   One  main  fact  became  quite  obvious 
during  these  tests:   the  poor  performance  of  conventional  surface 
drifters  under  conditions  of  high  seas  and  wind.  With  the  CODAR  system 
only  the  personnel  not  the  data  suffered  during  a  Gulf  of  Alaska  storm. 

We  have  operated  the  CODAR  system  in  six  major  experiments  over 
the  previous  two  years.   The  locations,  dates,  and  main  purposes  are: 

1.   Ft.  Lauderdale-Miami,  Fla. 


2.  Seldovia- Anchor  Pt.  Alaska 

3.  Pescadero,  Calif. 

4.  Hilton  Head  Is.  S.  Carolina 
Wassaw  Is.  Georgia 

5.  Augustine  Is. -Cape  Douglas  Alaska 

6.  Dungeness  Spit-Whidbey  Is.  Wash. 

We  will  briefly  describe  the  purpose  and  general  results  of  each  set  of 
these  experiments. 

Florida  was  chosen  for  the  initial  field  testing  due  to  the  con- 
sistent and  well  known  characteristics  of  the  Gulf  Stream.   The  majority 
of  the  time  in  Florida  was  used  to  finalize  the  design  of  the  hardware 
and  software  systems. 
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The  Gulf  Stream  itself  provided  the  initial  ground  truth.  The 
cooperation  of  NOVA  University  in  Ft.  Lauderdale  was  a  key  element  in 
the  success  of  our  early  efforts.   During  March  of  1977  a  week  long 
series  of  ground  truth  experiments  were  conducted  using  ships  from  both 
NOVA  University  and  NOAA's  AOML  Laboratory.   Figure  6  illustrates  a 
typical  intercomparison  between  surface  drifters  and  the  CODAR  system 
during  this  period.   General  observations  on  the  behavior  of  the  Gulf 
Stream  include: 

1.  A  weak,  intermittent  counter  current  near  shore. 

2.  Movement  of  the  Gulf  Stream's  peak  in  an  East-West  direction 
on  almost  a  daily  basis. 

3.  Variations  in  the  magnitude  of  the  Gulf  Stream  on  a  daily  basis. 

As  the  system  was  experimental  throughout  this  period,  little  useful 
oceanographic  data  was  actually  collected. 

In  June  of  1977  we  conducted  our  first  extensive  field  measurement, 
supported  by  BLM,  Dept.  of  Interior.   Data  was  collected  over  a  several 
week  period  with  systems  at  Anchor  Pt.  and  Seldovia,  Alaska  (Fig.  7).  Our 
most  interesting  data  set  was  obtained  over  a  24  hour  period  covering 
the  entire  day  of  July  13,  1977.  Maps  were  produced  at  1/2  hour  intervals 
and  later  converted  to  16  mm  film.   The  result  is  a  movie  showing  two 
complete  tidal  cycles.   Initial  analysis  of  this  data  shows  that  the 
flow  in  and  around  Kachemak  Bay  is  predominently  driven  by  the  12  and 
24  hour  tidal  variations  as  expected.   Both  the  magnitude  and  direction 
of  the  surface  current  were  found  to  be  strongly  dependent  on  geographic 
location.   This  data  clearly  demonstrated  one  of  the  major  advantages 
of  the  CODAR  system  over  conventional  techniques:  The  ability  to  separate 
spatial  and  temporal  features  in  the  circulation  pattern.   Drifters 
tend  to  mix  the  two  together.   Also,  this  experiment  pointed  up  another 
important  fact.  At  least  for  tidal  driven  flows,  the  radar  indirectly 
measures  currents  all  the  way  from  the  surface  to  the  bottom  because 
tidal  currents  are  nearly  independent  of  depth. 

The  Pescadero,  California  operation  was  a  joint  venture  with 
Scripps  Institute  and  Stanford  University.  Radial  currents,  from 
single  sites,  were  obtained  using  both  the  NOAA  and  Stanford  radars 
simultaneously.   During  this  time,  surface  drifters  and  the  Scripp's 
tilt  buoy  were  deployed.   The  data  was  obtained  for  experimental  purposes 
involving  minimum  current  resolution  and  wave  height  directional  spectrum 
capabilities,  and  is  presently  under  investigation. 

The  Savannah  experiment  was  a  demonstration  project  for  the  Depart- 
ment of  Energy.   Maps  were  produced  at  1  hour  intervals  over  a  72  hour 
period  beginning  on  May  9,  1978.   Skidaway  Institute  of  Oceanography 
measured  the  temperature,  salinity,  and  current  velocity  at  1  meter 
depth  intervals  using  two  vessels  at  fixed  locations.   These  measure- 
ments were  both  preceded  and  followed  by  hydrographic  sections.   The 
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Coast  Guard  provided  extensive  surface  drifter  measurements  using  both 
ships  and  helicopters.   A  time  sequence  of  surface  current  maps,  from 
this  experiment,  is  shown  in  Figure  8.   Initial  analysis  shows  a  well 
defined  offshore  pattern.   Turbulence  behind  the  many  marsh  islands  is 
evident  in  more  detailed  maps.  We  plan  to  analyze  this  data  in  detail 
at  a  later  date. 

The  Augustine  Is. -Cape  Douglas  experiment  in  June  of  1978  was  the 
most  severe  operational  test  of  CODAR  to  date.   Both  sites  were  deployed 
by  helicopter  from  the  NOAA  ship  SURVEYOR.   The  site  separation  was 
the  maximum  attempted  to  date:   56  km.   Fifteen  days  of  data  were 
obtained  during  this  period.   During  the  last  eight  days  the  system  was 
operated  continuously  twenty  four  hours  a  day.   Initial  analysis^  shows 
the  expected  strong  tidal  flow  along  the  coast,  with  a  somewhat  compli- 
cated circulation  pattern  in  Kamishak  Bay.   Considerable  variability  in 
the  circulation  pattern  is  visible  on  a  daily  basis.  We  were  fortunate 
to  have  a  major  storm  develop  over  Cook  Inlet  part  way  through  the 
measurement  period.  We  have  just  started  analysis  of  this  data  and 
expect  to  obtain  unique  insight  into  the  interactions  of  a  storm  with 
the  general  circulation  system. 

We  are  presently  deploying  the  CODAR  system  in  the  Puget  Sound 
area.   In  cooperation  with  NOAA's  PMEL  laboratory,  intensive  data  will 
be  collected  on  a  continuous  basis  from  August  21  through  August  23, 
1978.  Various  measurement  systems  including  surface  drifters  and  current 
meters  will  be  deployed  during  this  period.   This  work  is  being  sponsored 
by  the  Environmental  Protection  Agency  via  NOAA's  MESA  program  office,, 

Program  Areas 

We  are  now  developing  two  different  enhancements  to  the  basic 
CODAR  system.   The  first  of  these  involves  using  integration  techniques 
and  the  equation  of  continuity  to  increase  the  overall  coverage  area  of 
the  system  by  typically  100%.   Initial  results  using  these  techniques 
are  very  promising.   The  second  enhancement  is  the  development  of  a 
deep  drogued  disposible  drifter.   This  system  will  allow  measurement  of 
the  drifter's  position  to  within  ±  500  m  at  potential  ranges  of  several 
hundred  kilometers.   The  drifter  velocity  will  be  measured,  independent 
of  the  position  track,  with  accuracies  of  ±  2  cm/s.  We  are  designing 
this  system  to  be  used  with  either  a  stand  alone  shore  based  interroga- 
tion package  or  with  an  existing  CODAR  system.   In  either  case,  up  to 
64  different  drifters  may  be  interrogated  sequentially.  A  typical 
measurement  of  position  and  instantaneous  velocity  will  require  about 
four  minutes.   Using  the  CODAR  system  for  surface  currents  and  the 
drifters  simultaneously  for  sub- surface  currents  will  provide  detailed 
information  on  not  only  the  general  circulation  pattern  but  the  total 
water  column  as  well.   Other  areas  of  research  within  the  Sea  State 
Studies  program  area  include: 
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1.  Development  of  a  wave  height  directional  spectrum  measuring 
capability  for  the  CODAR  system. 

2.  Utilizing  the  Sea-Sat  satellite  radar  altimeter  for  obtaining 
ocean  waveheights. 

3.  Development,  in  conjunction  with  Stanford  Research  Institute,  of 

an  over-the-horizon  (OTH)  HF  radar  wave  height  measuring  capability. 

4.  Development  of  an  ocean-floor  based,  disposible  vertical  current 
profiler. 

Conclusions 

In  terms  of  cost-benefit  factor  alone  the  CODAR  system  provides  a 
2000  to  1  improvement  over  conventional  systems  and  techniques.  As 
with  many  technological  advances,  the  ultimate  capability  of  the  CODAR 
system  will  be  determined  by  the  users,  not  the  designers  of  the  system. 
We  are  frequently  confronted  by  oceanographers  who  are  incapable  of 
comprehending  the  vast  quantities  of  previously  unobtainable  informa- 
tion which  the  CODAR  system  can  provide.  We  have  collected  over  the 
past  two  years  in  excess  of  900  magnetic  tapes.   This  translates  to 
18,000  surface  current  maps  or  1.5  x  107  current  vectors!  We  are  now 
attempting  to  initiate  cooperative  ventures  with  several  oceanographic 
organizations  with  the  purpose  of  analyzing  and  publishing  results  of 
our  past  experiments. 

We  have  received  in  excess  of  one  hundred  inquiries,  including 
several  from  foreign  countries,  regarding  the  CODAR  system  with  numerous 
requests  for  hardware  purchases  and  field  operations.   Based  on  our  own 
experimental  results  and  the  interest  of  the  scientific  community  it 
would  appear  that  HF  remote  sensing  is  now  finally  capable  of  signifi- 
cantly impacting  physical  oceanography. 
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Figure  7.  Surface  current  patterns  on  July  l,  1977.  Bottom  at  H20  hours 
Top  at  1920  hours. 
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The  distribution  of  radio  refractive  index  structure  parameter  in  boundary  layers  undergoing  spatial  or 

temporal  transition 
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The  height  distribution  of  C+  (the  structure  parameter  of  potential  refractive  index)  in  a  steady, 
horizontally  uniform  boundary  layer  are  calculated  assuming  power  laws  for  meteorological  quantities. 
The  results  are  then  compared  with  those  of  more  rigorous  models  examined  by  Wyngaard  et 
al.  It  is  shown  that  the  results  are  in  very  satisfactory  agreement  when  the  power  is  properly 
chosen.  Finally,  power-law  profiles  are  used  to  calculate  horizontal  and  temporal  variations  in 
vertical  profiles  of  C„,  and  to  calculate  radio-duct  thickness  for  several  boundary  transitional  conditions. 


1.     INTRODUCTION 

With  the  widespread  realization  of  the  capabilities 
of  new  clear-air  Doppler  radars,  there  is  renewed 
interest  in  the  spatial  distribution  of  radio  refractive 
index  and  its  statistics.  Of  particular  interest  is  the 
refractive  index  structure  parameter  C£,  which  is 
the  turbulence-related  quantity  of  primary  concern 
for  the  prediction  of  clear-air  backscatter.  The  Wave 
Propagation  Laboratory  of  NOAA  has  developed 
a  frequency-modulated,  continuous-wave  (FM-CW) 
radar  with  Doppler  capability  whose  principal  value 
is  that  it  can  monitor  wind  and  wind  shear  in  the 
planetary  boundary  layer.  Therefore,  it  is  urgent 
to  determine  how  changes  and  modifications  in  the 
boundary  layer  affect  C*  and  the  performance  of 
the  radar.  This  paper  presents  methods  for  calculat- 
ing the  height  distribution  of  C\  in  boundary  layers 
undergoing  spatial  or  temporal  transition. 

2.     FORMULATION  OF  THE  PROBLEM 

The  refractive  index  parameter  to  be  used  is  the 
potential  refractive  index  <j>,  which  is  defined  as 
the  refractive  index  of  a  parcel  of  air  brought 
adiabatically  and  without  change  in  absolute  humid- 
ity to  a  pressure  level  of  1000  mb.  In  terms  of 
meteorological  quantities 

4>  =  (77.6/6)(i>  -  48 10^/6)  (1) 

where  0  is  potential  temperature  and  e    is  the 
potential  vapor  pressure  [see,  e.g.,  Bean  and  Dut- 

Copyrigbt  ©  1978  by  the  American  Geophysical  Union. 


ton,  1966] .  So  defined,  the  quantity  d>  can  be 
considered  to  diffuse  much  as  9,  e  .  or  any  passive 
additive  undergoing  turbulent  mixing.  The  approach 
that  will  be  followed  in  this  paper  is  to  solve  the 
diffusion  equation  for  d>(z,  x,  t)  and  C^  (z,  x,  t ),  where 
x,  y,  z,  and  t  are  the  three  space  coordinates  and 
time,  respectively,  with  z  being  the  vertical  direc- 
tion. The  quantity  of  primary  interest  is  C^,  where 
[Corrsin,  1951;  Otter sten,  1969]: 


C£  =  3.2e 


1/3. 


(2) 


e  is  the  turbulent-dissipation  rate  and  e^  is  the  rate 
of  destruction  of  the  half  variance  of  d>-  For  a 
steady-state  regime  of  turbulence,  the  kinetic  energy 
balance  equation  under  conditions  of  forced  con- 
vection can  be  represented,  according  to  Lumley 
andPanofsky  [1964],  by 


e  =  -«V  (du/dz)(l  -  Rf) 


(3) 


where  Rfis  related  to  the  more  common  Richardson 
number,  Ri  =  (g/0)(de/dz)/(du/dz)2,  by  the  ratio 
of  the  eddy  coefficients  of  heat  to  momentum. 
Under  neutral  or  stable  conditions  that  ratio  is  near 
unity.  Symbols  with  a  prime  refer  to  turbulent 
perturbations.  Furthermore,  assuming  that  the  de- 
struction of  the  half  variance  of  <j>  is  balanced  by 
shear  production, 


e*-  -4>'h-'  d$/dz 


(4) 


Both  (3)  and  (4)  neglect  potentially  important  terms 
such  as  radiative  flux  divergence  and  divergence 
of  energy  and  pressure  forces.  This  has  been  cus- 
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Fig.  1.  Measured  data   reported  by    Wyngaard  et  al.    [1971] 

compared  with  (5)  (dashed  curve)  and  best-fit  curve  (solid  curve). 

For  Ri  >  0  solid  and  dashed  curves  are  indistinguishable. 


tomary  in  studies  of  this  type,  because  of  difficulties 
in  evaluating  the  neglected  terms  experimentally. 
Nevertheless,  this  approximation  must  ultimately 

be  justified  by  experiment.  

Defining  the  eddy  coefficient  K  for  d>  by  dV  W  = 
-K{d$/dz)  and  defining  the  friction  velocity  u. 
such  that  u\  =  -  u'w' ,  (3)  and  (4)  can  be  substituted 
into  (2),  yielding 


c\ 


z"/3(d<t>/dz)2 


=  3.2^(1  -aRiy\\  -  Ri) 


1/3 


(5) 


where  a  log-linear  velocity  profile  has  been  assumed 
so  that  K/u.  =  k0z(\  -  aRi).  The  universal  constant 
a  is  estimated  by  Businger  et  al.   [1971]  to  be  4.7. 

The  result  (5)  may  be  compared  with  measured 
data  reported  by  Wyngaard  et  al.  [1971]  and  is 
shown  in  Figure  1.  The  right-hand  side  of  (5)  is 
plotted  as  a  dashed  curve.  Throughout  the  stable 
range  it  nearly  coincides  with  the  solid  curve  that 
fits  the  data  but  fails  seriously  in  the  range  of 
negative  Ri.  From  this  we  can  conclude  that  the 
assumptions  and  the  balance  equations  we  have 
used  are  an  adequate  representation  of  conditions 
in  the  steady-state,  uniform  surface  layer  of  the 
atmosphere  under  neutral  or  stable  conditions. 

Under  unstable  conditions,  Wyngaard  et  al.  sug- 
gest that 


is  a  good  fit  to  their  data,  where 


(6) 


g(z/L)  =  4.9  [l-l(z/L)]-w 

L  is  the  Monin-Obukov  length  representing  static 
stability,  and 


z/L  =  Ri/(l  -aRi) 


(7) 


Plots  of  C^  vs.  height  from  (5)  and  (6)  are  shown 
in  the  lower  frame  of  Figure  2  for  several  stabilities 
represented  by  L.  Thse  curves  represent  the  prob- 
able best  estimate  of  the  height  distribution  of  C ^ 
in  the  idealized  boundary  layer.  However,  the  model 
used  cannot  be  applied  to  the  diffusion  equation 
to  obtain  useful  solutions  except  by  numerical 
methods  and  high-speed  computers.  On  the  other 
hand,  if  power-law  profiles  had  been  used  instead 
of  log-linear  profiles,  then 

u  =  bzm,  0  -  0^  =  bxem,  <J>  -  i?s  =  b2zm 

where  <$>s  and  Qs  are  surface  values  and  b,  bt,  and 
b2  are  constants.  Then 


m=l/2 
m  =  l/3 


b  =  3 
bt  =  0.3 
b2=7 
u.  =  0.4 


3 

L  =  ±00 
L=IOOO 
L  =  IOO 
L=-IOO 
L*-IO 


4      XIO" 


<£*  =3 


Z.  =  500  m 


4     XIO'6 


Fig.  2.  Height  distributions  of  C^  assuming  log-linear  height 
distribution  of  <|>  (bottom  frame)  and  power  law  (top  frame) 
from  (5),  (6),  and  (8),  for  various  values  of  stability  (m  and 

L). 
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Fig.  3.  Comparison  of  surface  duct  thickness  d  vs.  stability 
assuming  log-linear  height  distribution  of  4>  (top  frame)  and 
power  law  (bottom  frame).  A  ray  launched  horizontally  at  the 
height  d  will  exactly  follow  the  curvature  of  the  earth  by 
definition.  The  modified  refractive  index  M  is  a  modification 
of  <(>  such  that  the  curvatures  of  all  rays  have  added  to  them 
the  curvature  of  the  earth  i.e.,  they  are  bent  upward. 


c% 


3.2 


u. 
bm 


24<l-,)/3(l    _/{/) 


m 


(8) 


The  term  that  includes  Ri  stays  very  near  unity 
for  reasonable  values  of  Ri  because  of  the  small 
negative  power  to  which  the  expression  is  raised. 
The  effect  of  stability  is  almost  completely  reflected 
in  m.  The  resulting  distribution  of  C^  vs.  height 
is  shown  in  the  top  frame  of  Figure  2  for  several 
values  of  m. 

To  further  test  the  adequacy  of  the  power  law, 
it  is  revealing  to  compare  the  prediction  of  surface 
duct  thickness  for  the  two  models.  The  thickness 
of  the  duct  in  meters  is  the  height  at  which  d<j>/dz 
=  0.131  (m1).  The  results  for  the  two  models  are 
shown  in  Figure  3,  where  the  modified  refractive 
index  M  —  <J)  +  0.1312  and  z  is  in  meters. 

It  is  evident  that  the  power-law  profiles,  with 
properly  chosen  values  of  m,    can  give  a   very 


adequate  representation  of  the  more  rigorous  model. 
They  have  the  important  advantage  that  classical 
solutions  to  the  diffusion  equations  can  then  be 
applied. 

3.     BOUNDARY  LAYERS  UNDERGOING 
MODIFICATION 

Written  in  general  form,  the  diffusion  equation 
for  d)  is 

d<t>/df  +  Ud<fr/dx  +  v  dfy/dy  +  w  d<$>  /  dz 

temporal  advective  terms 

term 


d 
dx 


[kx—)+  —  [k—)+-(k  — 

\       dx  J       dy   \       dy  )      dz  \       dz 


diffusion  terms 


(9) 


where  the  quantities  Kx,  K,  Kz  are  the  eddy 
diffusion  coefficients  of  4>  in  the  x,  y,  and  z 
directions,  and  u,  v,  and  w  are  the  corresponding 
velocity  components.  Thus  formulated,  the  eddy 
coefficients  can  be  considered  functions  of  position. 
This  use  of  the  eddy  coefficients  in  diffusion  prob- 
lems is  classical.  However,  it  lacks  any  fundamental 
physical  basis  and  depends  on  a  tenuous  analogy 
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Fig.  4.  Height  distribution  of  C^  at  various  distances  downwind 
of  an  abrupt  surface  discontinuity  in  <)>,  e.g.,  downwind  of  a 
shoreline.  Subscript  "o"  indicates  unmodified  value  and  "s" 
indicates  the  (water)  surface  value;  <J>,  —  <t>0  =   10  and  m  = 

1/3. 
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Fig.  5.  Radio  duct  thickness  vs.  distance  offshore  with  the  same 
assumptions  as  in  Figure  4. 
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distribution  of  M  (bottom  frame).  The  minima  of  the  M  curves 
indicate  height  of  the  surface  duct. 


with  molecular  diffusion  for  its  justification.  With  the  intent  in  this  paper  to  go  as  far  as  possible 
the  use  of  modern  computers  one  can  numerically  without  relying  on  large  computers  and  also  to 
solve  a  more  rigorous  formulation.  However,  it  is      provide  useful  functional  relationships  for  predict- 
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Fig.  7.  Height  distributions  of  potential  refractive  index  measured  near  Sentinel,  Arizona,  using  tower  and  captive  balloon 
[adapted  from  Rocco  and  Smyth,   1949] .  Sunset  occurred  at  about  1900  LT.  Should  be  compared  with  middle  frame 

of  Figure  6. 
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ing  system  performance.  In  the  past,  analytic  solu- 
tions of  (9)  have  provided  numerical  results  in  close 
agreement  with  observations  except  under  condi- 
tions of  relatively  extreme  stability. 

When  the  boundary  layer  is  temporally  stationary 
(d$/dt  =  0)  and  horizontally  uniform  with  w  =  0 
(i.e.,  the  advective  terms  are  zero)  the  left-hand 
side  of  (9)  is  zero,  and  K z  3<\>/dz  is  constant.  This 
is  the  constant  flux  approximation  that  is  usually 
valid  near  the  ground.  For  a  transition  taking  place 
in  the  x  direction  dcp/dx  is  no  longer  zero,  although 
the  x  divergence  of  flux  in  the  x  direction 
(d/dx)(Kxd$/dx)  can  still  be  considered  negligible. 
Then 


soidal  variations  in  temperature  or  humidity  at 
Earth's  surface.  Data  recorded  at  O'Neill,  Nebras- 
ka, and  Manor,  Texas,  were  used  to  fit  a  trochoidal 
function  to  the  temperature  at  z  =  0  and  at  a  few 
meters  above  the  ground.  A  best  average  value 
of  K  was  determined  from  the  amplitude  difference 
and  phase  lag  at  the  two  heights.  The  resulting 
distributions  of  d>,  C^,  and  M  ~  <j>  +  0.131z  are 
shown  in  Figure  6.  Although  the  model  is  crude, 
it  shows  features  (such  as  the  small  C ^  values  before 
sunrise)  that  are  observed  with  acoustic  and  radar 
sounders.  Height  distribution  of  <p  should  be 
compared  with  observed  distribution  shown  in  Fig- 
ure 7. 


w  d<j>/a*  =  (d/dz)[K(z)  d$/dz] 


(10) 


Using  power-law  distributions  we  find  K  = 
(u2./bm)zl~m.  Frost  [1946]  dealt  with  the  corre- 
sponding problem  in  moisture  flux  (evaporation) 
and  found  that  the  variable  transformation  to  £  = 
z2m+1  /ax(2m  +  l)2  permitted  straightforward  solu- 
tion of  (10).  The  corresponding  solution  for  dfy/dz 
may  be  used  in  (8)  to  obtain  C^.  The  results  are 
shown  in  Figure  4  for  three  offshore  distances, 
and  Figure  5  shows  the  corresponding  duct 
thickness. 

For  a  horizontally  uniform  boundary  layer  that 
is  not  in  steady  state,  (9)  reduces  to 


d$/dt  =  (d/dz)  [K(z)d4>/dz] 


(11) 


There  are  simple  solutions  to  this  equation  if  K 
is  assumed  constant.  Although  this  assumption  is 
unrealistic,  the  resulting  solution  may  be  expected 
to  reveal  some  of  the  qualitative  features  to  be 
observed  during  diurnal  cycles  or  other  quasi-sinu- 
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The  height  distribution  of  refractive  index  structure  parameter  in  an  atmosphere  being  modified  by  spatial 

transition  at  its  lower  boundary 
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An  approximate  method  for  solution  of  problems  in  turbulent  diffusion  is  described  and  applied 
to  radio  wave  propagation  in  the  lower  atmosphere  for  some  boundary  value  problems  not  previously 
examined  in  the  literature.  The  results  of  the  approximate  method  are  compared  with  results  of 
a  special  case  for  which  the  diffusion  equation  can  be  solved  exactly.  The  height  distribution 
of  the  refractive  index  structure  parameter  and  the  thickness  of  the  radio  duct  are  calculated 
for  air  moving  over  a  lower  surface  that  (a)  changes  refractive  index  abruptly  (e.g.,  a  shoreline), 
(b)  changes  refractive  index  continuously,  or  (c)  suddenly  increases  or  decreases  surface  roughness. 


INTRODUCTION 

Recently,  interest  in  radio  refractive  index  dis- 
tribution in  the  boundary  layer  has  been  renewed 
because  of  the  development  of  radars  capable  of 
measuring  clear-air  backscatter  from  turbulent  fluc- 
tuations in  refractive  index.  Some  types  of  radar, 
such  as  the  frequency-modulated  continuous  wave 
radars,  can  observe  atmospheric  structure  as  close 
as  20  m  from  the  antennas,  with  a  spatial  resolution 
of  1-2  m.  More  recently  the  addition  of  Doppler 
capability  to  these  clear-air  sounders  [Strauch  et 
at,  1976;  Chadwick  et  al,  1976]  has  made  them 
very  useful  new  tools  in  the  study  of  boundary 
layer  processes.  Both  the  scattering  and  the  refrac- 
tive properties  of  the  boundary  layer  are  related 
to  the  gradient  with  height  of  the  refractive  index, 
so  this  is  the  boundary-layer  property  with  which 
this  paper  is  mainly  concerned.  Specifically,  it  will 
focus  on  the  way  a  mass  of  air  is  modified  as  it 
moves  over  an  underlying  surface  whose  properties 
undergo  spatial  transition  (in  temperature,  moisture, 
or  roughness).  This  paper  uses  an  approximation 
which  gives  results  similar  to  those  of  the  diffusion 
equation  in  order  to  examine  some  changes  in  lower 
boundary  not  previously  studied.  The  classical 
diffusion  equation  is,  of  course,  itself  an  approxi- 
mation. It  neglects  diffusion  due  to  gradients  of 
properties  in  horizontal  planes  compared  with  verti- 
cal diffusion  and  it  employs  the  concept  of  an  eddy 
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coefficient  which  may  or  may  not  be  a  function 
of  height.  If  sufficient  money  and  time  on  high 
speed  computers  are  available,  one  can  solve  this 
type  of  problem  more  rigorously.  For  example, 
various  assumptions  about  relationships  between 
higher-order  terms  in  the  kinetic  and  thermal  energy 
balance  equations  can  be  made  which  lead  to  closure 
and  numerical  solution.  These  techniques  have 
usually  been  applied  to  the  development  of  the 
daytime  convective  boundary  layer.  For  a  few 
examples,  see  Deardorff  [1974a,  b],  Wyngaard  and 
Cote  [1974],  Mellor  and  Yamada  [1974],  Zeman 
and  Lumley  [1976],  Burk  [1977].  This  approach 
has  the  advantage  of  minimal  approximations  in 
the  solution  and  is  valuable  for  research  in  atmo- 
spheric dynamics  and  kinematics,  but  it  is  costly 
in  time  delays  and  computer  time.  Depending  on 
the  model  chosen  from  the  hierarchy  of  closure 
models  available,  the  computer  time  can  be  many 
tens  of  hours  for  each  hour  of  real  time  studied, 
whereas  solution  of  the  classical  diffusion  equation 
gives  quick  and  adequate  results  for  many  practical 
applications  at  little  cost  [Slade,  1968] .  Further- 
more, solutions  of  the  diffusion  equation  can  pro- 
vide guidance  in  minimizing  the  cost  of  studies  that 
use  numerical  methods  by  providing  foreknowledge 
of  the  behavior  to  be  expected.  It  is  the  purpose 
of  this  paper  to  point  out  and  evaluate  an  approxi- 
mate method  for  the  solution  in  elementary  func- 
tions of  some  diffusion  problems  not  hitherto  at- 
tacked in  this  way.  It  will  then  be  used  to  deduce 
the  change  in  the  height  distribution  of  the  refractive 
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index  structure  parameter  and  the  change  in  surface 
duct  thickness  as  a  mass  of  air  undergoes  modifica- 
tion by  a  spatially  changing  lower  boundary. 

Attention  will  be  directed  mainly  toward  bound- 
ary-layer effects  on  the  propagation  of  radio  waves, 
but  the  results  are  entirely  applicable  to  optical 
systems  as  far  as  clear-air  refraction  and  scintillation 
are  concerned.  The  refractivity  N  is  related  to  the 
true  refractive  index  n  such  that  N  =  (n  —  1)  x 
106.  For  radio  waves, 


N  =  (n.6/T)(p  +  48KWr) 
and  for  optical  waves 

N  =  19p/T 


(1) 


(2) 


where  p  is  pressure  in  millibars,  e  is  vapor  pressure 
in  millibars,  and  T  is  temperature  in  K  [Bean  and 
Dutton,  1966] .  Thus  the  optical  refractive  index 
depends  on  temperature  and  pressure  (and  very 
weakly  on  humidity),  whereas  humidity  is  of  pri- 
mary importance  in  the  radio  refractive  index. 

In  what  follows,  a  quantity  called  potential  re- 
fractive index  is  used  whose  symbol  is  <t>  [Kerr, 
1951].  It  is  obtained  from  (1)  or  (2)  by  replacing 
temperature  by  potential  temperature  8,  vapor  pres- 
sure by  potential  vapor  pressure  e  ,  and  pressure 
by  1000  millibars,  where 


and 


e  =  T(iooo/p)o2M 


e  =e(l000/p) 


(3) 


(4) 


If  profiles  of  8  and  e  have  the  same  functional 
form,  it  can  be  shown  [e.g.,  Gossard  and  Anderson, 
1952]  that  <|>  must  also  have  the  same  form  to  a 
very  good  order  of  approximation. 

HORIZONTALLY  UNIFORM  BOUNDARY  LAYER 

It  will  be  necessary  to  compare  the  approximate 
method  with  an  exact  solution  of  the  diffusion 
equation  for  some  hypothetical  model  in  order  to 
evaluate  the  validity  of  the  approximation.  Such 
exact  solutions  do  not  exist  for  logarithmic  or 
log-linear  profiles  of  properties,  so  it  is  convenient 
to  adopt  power-law  profiles  of  wind  and  potential 
refractive  index  for  this  purpose.  Therefore,  it  will 
first  be  demonstrated  that  the  power-law  profiles 
can  provide  a  very  adequate  representation  of  real 
data  and  of  the  more  theoretically  acceptable  results 


obtained  using  log-linear  profiles.  To  do  this  a 
horizontally  uniform  boundary  layer  will  first  be 
analyzed,  comparing  expressions  for  C^  and  duct 
thickness  obtained  using  power-law  profiles  with 
experimental  and  theoretical  results  based  on  log- 
linear  forms. 

We  first  consider  only  temperature,  because  tem- 
perature data  collected  at  Liberal,  Kansas,  have 
been  analyzed  for  C\  by  Wyngaard  et  al.  [1971]. 
From  dimensional  considerations  they  concluded 
that 


Cl  =  klW.z-v*g(z/L) 


(5) 


where  z  is  height,  fc08.  =  zd8/dz,  k0 is  von  Karman's 
constant,  and  L  is  the  Monin-Obukov  length  that 
appears  in  the  theory  leading  to  log-linear  bound- 
ary-layer profiles.  From  analysis  of  their  data  Wyn- 
gaard et  al.  find 

g  =  4.9  [1  -7(z/L)]-*/\ 

unstable  conditions  (z/  L  <  0) 
g  =  4.9  [1  +  2.75(2/ X)], 

stable  conditions  (z/  L  >  0) 

The  solid  curves  in  the  lower  frame  of  Figure  1 
are  plots  of  C9  vs.  height  from  these  relations. 

In  the  presence  of  a  capping  inversion,  Frisch 
and  Ochs  [1975]  suggest  that  (5)  be  modified  by 
a  factor  G  which  is  a  function  only  of  the  dimen- 
sionless  quantity  z/ z.  where  z.  is  the  height  of  the 
capping  inversion.  Using  data  collected  by  light 
aircraft  off  the  coast  of  southern  California,  they 
find  that 


G  {z/z,)  =  1.0  +  0.84  z/z.  +  4.13  (z/z,)2 
for    0  <  z/z,  <  0.8 


(6) 


The  dashed  curves  in  the  lower  frame  of  Figure 
1  are  the  modified  profiles  using  (6)  assuming  zt 
—  500  m.  We  wish  to  compare  these  results  with 
the  predictions  of  a  model  that  assumes  power-law 
profiles.  To  do  this  a  functional  relationship  between 
C9  and  the  profile  gradients  must  be  found. 

In  the  inertial  subrange  the  spectrum  of  potential 
temperature  is  [Corrsin,  1951]: 


at 


fc-S/3 


(7) 


where  e  is  turbulent  dissipation  rate,  e9  is  one  half 
the  rate  of  destruction  of  temperature  variance, 
k  is  wavenumber,  and  a  is  a  constant.  Alternatively 
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Fig.  1.  Height  profiles  of  temperature  structure  parameter  in 
horizontally  homogeneous  atmosphere  for  various  stabilities. 
Demonstrates  that  a  power  m  can  be  chosen  such  that  power-law 
profiles  of  parameters  can  provide  a  realistic  representation 
of  actual  observations.  Bottom:  from  measurements  reported 
by  Wyngaard  et  al.  [1971]  (solid  curves),  and  modification  of 
profiles  suggested  by  Frisch  and  Ochs  [1975]  in  the  presence 
of  a  capping  inversion  (dashed  curves).  Top:  structure  parameter 
profiles  calculated  assuming  power-law  profiles  of  properties. 

the  turbulence  can  be  described  in  terms  of  a 
structure  function 

where  /  is  air  parcel  separation  and  the  structure 
parameter  C9  was  given  by  Otter sten  [1969]  as 


a  =  2.i 


-1/3. 


(8) 


Wyngaard  et  al.    [1971]   found  the  constant  "a" 
appearing  in  (7)  to  be  0.8  for  the  one-dimensional 


case;  the  constant  in  (8)  is  about  four  times  this, 
which  would  imply  a  value  of  3.2  instead  of  2.8. 
In  this  paper  a  value  of  3.2  will  be  used. 

Assuming  the  turbulent  regime  to  be  in  steady 
state,  the  kinetic  energy  balance  equation  in  the 
regime  of  forced  convection  is  approximately 
[Lumley  and  Panofsky,  1964]: 


e^  -u'w'  (du/dz)(l  -Rf) 


(9) 


where  Rf  is  the  flux  Richardson  number  related 
to  the  gradient  Richardson  number  Ri  as  follows: 

(KJKh)  Rf  =  Ri  =  (g/e)(de/dz)/(du/dz)> 

Primes  denote  deviations  from  the  ambient  (un- 
primed)  quantity,  overbars  denote  means,  u  and 
w  are  horizontal  and  vertical  velocities,  Kh  and 
Km  are  the  eddy  diffusion  coefficients  of  heat  and 
momentum  respectively.  Their  ratio  is  usually 
thought  to  be  near  unity  under  neutral  and  stable 
conditions,  and  it  will  be  so  chosen  in  this  paper. 
Use  of  the  balance  equations  (9)  and  (10)  is  only 
valid  for  stable  and  near-neutral  conditions  and 
when  the  turbulence  is  both  homogeneous  and  in 
steady  state.  These  equations  also  neglect  transport 
divergence  of  energy,  higher-order  fluxes,  and 
pressure  terms  generally  presumed  to  be  small. 

The  corresponding  balance  equation  for  rate  of 
destruction  of  temperature  variance  (actually  9' 2/  2) 
is 


ee=  -e'w'  dd/dz 


(10) 


The  vertical  flux  of  horizontal  momentum   u'  w' 
is  given  by 


ul  =  -u'w'  =  Kmdu/dz 


(11) 


thus  defining  the  so-called  friction  velocity  u. .  The 
vertical  heat  flux  is 


-8'w'  =  KhdB/dz 


(12) 


Substituting  (9),  (10),  (11),  and  (12)  into  (8)  (using 
the  constant  3.2  instead  of  2.8),  it  is  found  that 


Ce  =  VlTi  {K / u.yn  {\  -  Ri)~^6\dQ/dz\ 


(13) 


Power-law  profiles  are  now  assumed  for  wind 
and  potential  temperature,  that  is, 


m  = zm  =  u.qzm,     6  -  0^  = zm  =  bx  z' 

zm  zm 


(14) 
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where  the  subscript  r  applies  to  some  reference 
level  at  which  measurements  are  made,  5  applies 
to  the  surface,  and  q  is  an  arbitrary  constant  of 
proportionality.  It  follows  that 

du/dz  =  mu.qzm-\     d6/dz  =  mbi  zm~x 


and  from  (9)  that 


K/u.  =  (l/qm)zt 


SO 


Ce  =  V3!2m,/3i,(r2/3Xl  -  /?/)"' /62( 


D/3 


(15) 


(16) 


where  Ri  =  (g/Q)(bl/(ulq2m)  z[~m.  Equation  (16) 
is  used  to  plot  the  curves  in  the  top  frame  of  Figure 
1,  and  it  is  seen  that  values  of  m  can  be  found 
which  agree  very  well  with  the  results  of  Wyngaard 
et  al.  over  a  wide  range  of  atmospheric  stabilities. 
This  is  merely  pointed  out  as  a  useful  fact  and 
is  not  intended  to  imply  any  fundamental  physical 
merit  to  the  power-law  profile. 

It  is  also  revealing  to  compare  the  ducting  proper- 
ties of  the  power-law  profile  with  those  of  the 
log-linear.  In  both  the  radio  and  the  optical  cases 
a  ray  launched  horizontally  will  remain  parallel  with 
the  earth's  surface  in  a  "standard"  atmosphere  if 


d<J>/dz^  -0.131  (m-1) 


(17) 


so  this  can  be  considered  one  criterion  for  ducting. 
If  §(z)  is  chosen  to  be  log-linear,  e.g., 

<j>  -  <j>5  =  cf>.  [ln(z/z0)  +  p  z/L]  (18) 

it  follows  that  the  duct  thickness 

d=  -[0. 131/<|>.  +3/L]-'  (19) 

where  4>,  =  ((j>,  -  <bj[ln(zr/z0)  +  3  zr/L]  -'  and 
3  —  4.7  under  near-neutral  and  stable  conditions 
[Businger  et  al,  1971]. 
If  <f>(z)  is  chosen  to  obey  a  power  law,  say 


4>  —  §s  =  b  zm, 
it  follows  that  the  duct  thickness 

d=  -(0.131/mZ>)1/(m~') 


(20) 


(21) 


where  b  =  (d>r  -  4>s)z;m.  Equations  (19)  and  (21) 
have  been  used  to  plot  duct  thickness  against  L 
and  m  in  Figure  2.  Again,  it  is  readily  seen  that 
a  value  of  m  can  be  found  that  provides  a  remarkably 
good  representation  of  the  log-linear  result  for  a 
chosen  atmospheric  stability.  This  statement  is  not 
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Fig.  2.  Radio  or  optical  duct  thickness  vs.  atmospheric  stability 
for  two  values  of  <fys  -  <)>,.  Shows  that  the  power-law  profile 
results  are  virtually  exact  duplicates  of  the  log-linear  results 
for  linearly  related  m  and  /.  A  roughness  z0  —  0.001  cm  was 
chosen. 

intended  to  have  fundamental  physical  implications, 
but  it  does  imply  that  power-law  models  will  provide 
a  good  representation  of  reality  in  the  mathemat- 
ically more  complicated  solutions  of  the  diffusion 
equation  which  are  the  interest  in  this  paper. 

PROPAGATION  IN  AN  ATMOSPHERE  UNDERGOING 
MODIFICATION 

Diffusion  equation  method.  The  classical  equa- 
tion for  two-dimensional,  steady-state  diffusion  of 
a  passive  property  away  from  (or  toward)  a  plane 
lower  boundary  is 


u  d$/dx  =  (d/dz)[K(z)  d<b  /dz] 


(22) 
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Fig.  3.  Schematic  picture  of  the  change  in  the  height  distribution 
of  some  property  x  as  it  is  advected  over  a  lower  boundary 
whose  properties  differ  from  those  prior  to  transition.  Illustrates 
the  case  when  xs  ^  Xo>  where  x0  *s  tne  profile  of  the  property 
prior  to  transition;  in  this  case  x0  's  constant. 


where  x  is  the  horizontal  direction  of  mean  air  flow 
and  z  is  vertical.  In  its  derivation  horizontal  variation 
of  the  gradient  of  (J>  in  x  is  neglected  compared 
with  the  vertical  variation  of  the  gradient  in  z. 
Furthermore,  it  depends  on  the  fictitious  concept 
of  an  "eddy"  viscosity  replacing  the  Reynolds  stress 
terms  in  the  basic  equations.  However,  equations 
of  this  kind  have  provided  a  very  adequate  repre- 
sentation of  diffusion  in  many  practical  applications 
without  resort  to  numerical  methods  and  high-speed 
computers,  and  it  is  our  intention  to  use  it  as  a 
basis  for  evaluating  an  approximate  method  for  the 
prediction  of  propagation  of  radio  and  optical  waves 
in  transitional  masses  of  air. 

Suppose  it  is  desired  to  compute  the  height 
distribution  of  refractive  index  structure  parameter 
and  radio  duct  thickness  downwind  of  a  transition 
in  the  lower  boundary  beyond  which  heat  and /or 
moisture  are  flowing  from  the  boundary  into  the 
air  mass.  The  situation  is  illustrated  schematically 
for  any  passive  property  x  in  the  top  frame  of 
Figure  3  where  the  flow  is  from  land  to  water. 
Examples  of  this  kind  of  modification  have  been 
published  by  Craig  [1946]  and  are  shown  in  Figure 
4.  The  air  trajectories  are  shown  along  with  the 


profiles  of  potential  temperature,  vapor  pressure, 
and  refractive  index. 

For  the  moment  the  value  of  the  properties  at 
the  sea  surface  will  be  assumed  to  be  constant, 
independent  of  x  after  the  transition  (i.e.,  4>  =  <$>s), 
and  a  constant  (J>  =  (J>0  prior  to  transition  (x  < 
0).  Using  (14)  and  (15),  (22)  gives 


d<$>/dx  =  az'"(d/dz)[x>~'"d<$>/dz] 


(23) 


where  a  =  (m  q2)~l. 

Analyzing  the  flux  of  moisture  from  a  water 
surface  (evaporation),  Frost  [1946]  found  the  solu- 
tion of  (23) to  be 


Xo 


X,  -  Xo 


r[m/(2m  +  1)] 


j;-(»+i)/(2»+i)exp(_Qd{ 


(24) 


where  £  =  z2m  +  ,/ax(2m  +  l)2.  For  our  purposes 
X  may  be  interpreted  as  <p.  The  integral  is  essentially 
the  incomplete  gamma  function  which  is  tabulated, 
but  for  duct  thickness  and  refractive  index  structure 
parameter,  it  is  the  gradient  of  4>  that  matters.  From 
(24)  we  find  that 


d<|> 


(2m  +  1)'/(2*+d 


=  W>o-<U 

dz  r[m/(2m+\)]   (ax)"/<>"+'> 

•  exp[-z2r"+l  (ax)->  (2m  +  I)2] 


(25) 


If  d  is  duct  thickness,  d2m+1/ax  is  small  for  appre- 
ciably large  x  and  the  exponential  tends  to  unity, 
so 

0.13lf[m/(l  +m)](2m+  I)-»/0«+i> 
(4>,  ~  *») 

l/(m-l) 


(ax)"/ 


2m+l) 


(26) 


Noting  that  the  factor  containing  Ri  is  near  unity 
for  a  reasonable  range  of  Ri  (—0.5  <  Ri  <  0.2) 
because  of  the  small  negative  power  (—  1  /6)  to  which 
it  is  raised,  (13)  gives 

C;  -  VJ1  {(<(>,  -  4>0X/h  q)-1"  (2m  +  l)jfe-to 

•  (axy-"'^'"*i>z^-^/T[m/(2m+  1)]  }exp[-z2"+l 

+  ax(2m  +  I)2]  (27) 

These  results  will  now  be  compared  with  the  results 
from  an  approximate  method  to  evaluate  its  validity. 
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Fig.  4.  Observed  modification  of  potential  refractive  index  height  distribution  (right-hand  curve) 
as  a  homogeneous  air  mass  moves  offshore  of  Buzzard's  Bay,  Massachusetts  [Craig,  1946] . 
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Flux  integral  method.  This  method  is  valuable 
because  it  allows  great  flexibility  in  the  class  of 
physical  problems  that  can  be  solved.  It  was  first 
used  by  von  Karman  to  obtain  the  velocity  distribu- 
tion in  unstratified  flow  downwind  of  the  leading 
edge  of  a  flat  plate  in  a  wind  tunnel.  Although 
well  known  in  aerodynamics,  it  has  received  little 
attention  in  geophysics  and  no  use  in  radio  propaga- 
tion problems. 

von  Karman  constructed  the  so-called  momentum 
integral 


D(x) 


SHx) 
u  (ub  -  u)  dz 
0 


where  D(x)  is  the  total  drag  on  the  plate  per  unit 
width,  8  is  the  depth  of  the  boundary  layer  above 
the  flat  plate  and  ub  is  the  velocity  of  the  flow 
outside  the  boundary  layer  (assumed  to  be  constant 
both  for  x  <  0  and  z  >  8).  The  derivative  of  D 
with  downwind  distance  x  was  then  equated  to  the 
momentum  flux  per  unit  area  toward  the  plate, 
assuming  the  flux  to  be  independent  of  height  for 
z  <  8  and  zero  above  8. 

The  approach  can  be  generalized  for  any  passive 
quantity,  i.e., 


M{x) 


•'o 


(X  -  Xo)  dz 


(28) 


where  x  n^y  be  momentum  density  (pu),  water 
vapor  density  (ps  where  s  is  specific  humidity), 
heat  energy  density  (p  c  0  where  c  is  specific 
heat  at  constant  pressure),  or  p<J>  where  p<f>  is  without 
physical  interpretation.  M(x)  is  the  total  flux  from 
a  strip  of  unit  width,  so  d  M(x)  =  F(x)  dx  where 
F  is  the  vertical  flux  per  unit  area  of  momentum, 
water  vapor,  or  heat  respectively.  For  <f>  there  is 
no  comparable  interpretation,  but  F  then  has  di- 
mensions of  mass  flux. 
Analogous  to  (12), 


-K(z)d$/dz 


(29) 


where  the  sign  has  been  chosen  so  that  flux  is 
upward  when  <p  decreases  with  height.  If  power 
laws  are  assumed,  (11)  and  (29)  give 


F  =  -(u./qm)  z  '--  d$/dz 


(30) 


The  height  distribution  of  <|>  can  be  written  in  the 
form 


because  <p  =  <J)8  =  <}>0  for  x  <  0  or  z  >  8;  therefore 
F(x)  =  (u./<7)(<t>,-4»0)5(x)-  (32) 

Case  when  (f>s  and  <f)0  are  constant — Model  A. 
Then  (28)  gives 

F(x)  =  dM(x)/dx  =  u.q{d/dx)Q>,  -<f>0) 


V'l'-B 


dz 


(33) 


=  («./9)(4>,  -  <t>0)S— 
and  it  is  readily  found  that 

8  =  [(42m)-'  (2m  +  l)2x]  wam+l) 

Substituting  8  into  (31), 

d<J> 

=  (<j>   -  <}>  )(2m  +  1)-2"/p-+d 

dz  (ax)-/<2-+l> 


mz' 


(34) 


(35) 


where  a  =  (q2m)~l.  Ignoring  the  exponential  factor 
in  (25)  (which  is  essentially  unity  for  appreciable 
x)  it  is  seen  that  (35)  is  identical  to  (25)  except 
that  the  factor  (2m  +  l)/T[m/(2m  +  1)]  has  been 
replaced  by  m.  The  two  factors  are  compared  in 
Table  1  over  the  probable  range  of  m.  It  is  apparent 
that  the  approximation  involved  in  the  use  of  (28) 
and  (29)  is  satisfactory. 

From  (35)  and  (17)  the  duct  thickness  is  readily 
found  to  be 


d  = 


0.131    (2m  +  1)2-/(2-+') 
4>,  -  •k  m 


(ax)"/ 


2m+l) 


/(--I) 


(36) 


and  from  (13)  (assuming  (1  -  Ri)[/6  —  1  as  before), 

C;  -  Vtt  (<J>,  -  $0)(mq)-2'*(2m  +  l)-*-/2"1^ 

•  w(ax)-m/<2m+1>z<m-|>''3  (37) 

Equations  (36)  and  (37)  differ  from  (26)  and  (27) 
only  in  that  the  factor  (2m  +  l)/r[m/(2m  +  1)] 
has  been  replaced  by  m.  A  plot  of  the  boundary 
layer  thickness  8(jc)  is  shown  as  curve  A  in  Figure 
5,  and  a  plot  of  duct  thickness  is  shown  as  curve 


<t>  -  4>,  =  (4>0  -  4>,X*/&)" 


(31) 


TABLE  1. 

Comparison 

of  (2m  +  1)/ 

Y[m/(2m 

+  1)]  with 

m. 

m 

(2m  + 

l)/T[m/(2m 

+  D1 

m 

1/7 
1/5 
1/2 

0.15 
0.20 
0.55 

0.147 
0.200 
0.500 
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Fig.  5.  Increase  in  depth  of  boundary  layer  8  with  distance 
x  from  transition  for  Models  A,  B,  and  C  and  the  conditions 
indicated  in  legend.  Profiles  of  Ct  at  a  distance  of  5  km  downwind 
of  transition  are  also  shown.  C^  artificially  drops  to  zero  above 
8  because  of  the  assumption  in  this  approximation  that  F  = 
0  above  8,  i.e.,  d<t>/dz  =  0  for  z  >  8.  Actually  it  continues 
to  decrease  as  z(,"~l)/3  in  accord  with  (37)  shown  by  the  dashed 
curves. 


A  in  Figure  6.  The  profile  of  C^  5  km  from  transition 
is  also  shown  in  Figure  5.  The  value  of  C^  artificially 
drops  to  zero  at  the  height  8  because  in  this 
approximation  d$/dz  =  0  for  z  >  8.  Of  course 
it  actually  continues  to  decrease  as  z(m~X)/i  in  accord 
with  (37).  We  now  proceed  to  use  the  approximate 
method  to  solve  some  problems  that  are  otherwise 
intractable. 

Case  in  which  <i>s  depends  on  x — Model  B. 
Imagine  a  mass  of  air  moving  out  of  its  source 
region  over  a  surface  that  becomes  progressively 
warmer  (or  colder)  and  /or  moister  (or  dryer).  For 
convenience  assume  that 


<t>*  -  4>0  =  cx' 


(38) 


where  <j^  =  d>0  at  x  =  0  in  the  source  region.  Returning 
to  (33),  it  is  no  longer  possible  to  take  d)s  -  d>0 
outside  the  differentiation  sign,  and  we  find 

db  (m  +  \)(2m  +  1) 

(m  +  ^o2-" +  ax-lb2m+t q2  =  0 

dx  m 

(39) 

The  variables  x  and  8  are  no  longer  separable,  but 
82m+l  =  Bx  is  again  a  solution  where  B  is  a  constant 


of  proportionality  to  be  determined.  Substituting 
into  (39)  we  find 

m  +  1  (m  +  l)(2m  +  1) 

-82"+l  +  fiax- q2x  =  0 


2m  +  1 

whence  it  follows  that 


m 


B  = 


(m  +  l)(2m  +  \y q  ~2         a(2m  +  \)2(m  +  1) 


m  [m  +  1  +  a(2m  +  1)]       a(l  +  2m)  +  1  +  m 

(40) 

where  a  =  (q2m)~l.  Substituting  for  <f>0  —  <$>s  in 
(31)  using  (38)  and  for  8  using  8  =  (Bxy"2™+», 
we  find 


(J)  -  <k  =  -cx°(Bx)-""i2m+,>zm 


(41) 


When  a  =  0,  the  problem  is  that  solved  previously, 
i.e.,  c  =  (b^  —  (J>0  =  constant,  and  B  =  a(lm  + 
l)2yielding*(34)and(35). 

Obtaining    dd>/dz    from    (41),    the    radio    duct 
thickness  is  found  to  be 

d=  [0.131  (mc)~<  B-/(!»tiij-«/Mii]i/i.-i)  (42) 

and  the  structure  parameter 

C;  =  VJTi  (mq)-2'3  (cmx°)(Bx)>»'<2'»+<>z<"'-»'i  (43) 

A  plot  of  b(x)  from  (38)  is  shown  as  curve  B  in 
Figure  5  and  a  plot  of  duct  thickness  is  shown 
as  curve  B  in  Figure  6  for  the  assumptions  indicated 
in  the  caption.  Plots  of  C^  vs.  height  are  shown 
in  Figure  5. 


assumption 
Model  A  <; 
Model  6  q 
Model   C      q 


20  X  10     ,  m=  0.2    .   Q  =  7.5 
20XI060!     X  ■  lOKm,  m  =  0.2  ,  g  =  7.5 
MX  I0S  01    Z ,=  IOm    belore    mlliol    l/6nsi 


Fig.  6.  Change  in  radio  or  optical  duct  thickness  with  distance 

x  from  transition  for  Models  A,  B,  and  C  for  conditions  indicated 

in  legend.  The  transitions  in  surface  roughness  apply  to  Model 

C  only. 
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Case  when  there  is  a  transition  in  surface 
roughness — Model  C.  In  the  power-law  repre- 
sentation, m  is  influenced  by  surface  roughness 
as  well  as  atmospheric  stability.  If  a  power-law 
profile  is  fitted  to  a  log-linear  at  appropriate  heights 
for  the  physical  problem  of  interest  (e.g.,  20  and 
2  meters),  m  and  q  can  be  readily  calculated  by 
a  variety  of  methods,  and  realistic  profiles  before 
and  after  transition  in  surface  roughness  can  be 
easily  deduced  (see  appendix  A). 

Now  suppose  the  profiles  of  wind  and  potential 
refractive  index  u0,$0  before  transition  and  u,  <j>  after 
transition  are  given  by 


u.0q0zmo,   4>0  —  4>,  =  hzmo< 


u  =  u.  q  z" 


<J>  -  4>^  =  b  z* 


(44) 


Thus  u.,u  and  <J>,<1>.  depend  on  x.  Noting  that  u 
=  u0  and  <}>  =  (J)0  at  z  =  8,  (29)  gives 


F  =  u.  b/q  =  (b0  u.o  q0/qi)W«-> 
and  from  (28), 


(45) 


dM(x) 


dx 
(d/dJc)(S2m»+') 


=b°u'°q°{^h 


m  +  mn+  1 


o 


o 
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Fig.  7.  Increase  in  depth  of  boundary  layer  8  with  distance 
x  downwind  of  transitions  in  surface  roughness  z0.  Profiles  of 
C^,  are  plotted  at  *  =  1,  3,  8,  13  km.  The  discontinuities  in 
C+  at  the  height  8  are  artificial,  resulting  from  the  discontinuity 
in  flux  which  is  assumed  to  occur  at  8  in  this  approximation. 
Actually,  the  discontinuity  would  of  course  be  smoothed. 


whence 


where 


8  =  (Bjc)'/<2m+l> 


(46) 


B  =  q~2(2m  +  l)2(m  +  m0  +  l)/(w0  -  w)(2m0  +  1) 

When  the  transition  is  from  a  relatively  rough  to 
a  relatively  smooth  surface,  appendix  A  shows  that 
m0  >  m.  When  it  is  from  smooth  to  rough,  m  > 

"lo- 
Using  (17),  (44),  and  (46),  the  duct  thickness  is 

found  to  be 

</=  [-0.131  (60w)-'(5x)<"-'"o»/<2'"+l>]  '/<*-">  (47) 

and  from  (13),  (44),  and  (46), 

Q  «  -  vT2  {qm)-1'*  b0m(Bxymo--)/a»-+i)  Z(«-D        (48) 

where  b0  =  (<J>0(.  —  tys)z-mo  and  zr  is  some  reference 
height.  The  factor  (1  —  Ri)~[/6  =*  1  for  reasonably 
small  Ri  (-0.5  <  Ri  <  0.2).  Plots  of  boundary 
layer  thickness  h(x)  for  transition  from  a  smooth 
to  a  rough  surface  are  shown  in  Figure  7  and  the 
corresponding  duct  thickness  is  shown  as  curve 
C  in  Figure  6.  The  height  distribution  of  C^  is  shown 
in  Figure  7,  superimposed  on  the  boundary  layer 
depth,  for  transitions  from  smooth  to  rough  and 
rough  to  smooth  boundaries.  Only  roughness  is 
presumed  to  change;  surface  refractive  index  is 
continuous. 

In  the  derivation  of  (47)  and  (48)  it  was  assumed 
that  the  initial  profile  of  4>  was  only  altered  by 
the  change  in  roughness  of  the  lower  boundary; 
whereas  in  the  derivation  of  (36)  and  (37)  surface 
roughness  was  assumed  to  remain  unchanged  at 
a  transition  of  tys.  In  that  case  duct  thickness 
decreased  with  distance  after  transition.  However, 
for  a  change  in  roughness,  (47)  shows  that  duct 
thickness  may  either  increase  or  decrease  with  x, 
depending  on  whether  the  transition  is  from  rough 
to  smooth  (m0  >  m)  or  from  smooth  to  rough  (m0 
<  m).  Thus  intuition  is  not  a  reliable  guide  in  this 
kind  of  problem. 

We  note  in  passing  that  the  relative  evaporation 
between  rough  and  "slick"  portions  of  a  banded 
water  surface  can  be  examined  by  substituting  (46) 
into  (45)  and  letting  b0  =  (epr  -  ep0)z;m . 

Case  when  profiles  are  assumed  to  be  logarith- 
mic. This  is  the  case  for  which  (28)  has  found 
considerable  application  in  aerodynamics.  The  fluid 
is  then  assumed  to  be  neutral,  and  the  distribution 
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of  momentum  downwind  of  the  leading  edge  of 
a  flat  plate  or  airfoil  is  typically  examined.  Here 
we  use  the  method  to  examine  the  distribution  of 
refractive  index  when  the  profiles  of  wind  and 
refractive  index  are  logarithmic  rather  than  power- 
law. 

We  choose  d>0  constant  and  assume  <b  to  be  of 
the  form 


4>  -  4>,  =  C<t>s  ~  <M[ln(z/z„)]  /  [ln(8/z0)] 


(49) 


where   z0   is    a   small    length   characterizing    the 
roughness  of  the  surface.  We  further  assume  that 

u  =  (u./k0)\n(z/z0) 

where  k0  —  0.4  is  von  Karman's  constant.  Then 

K  =  u2./(du/dz)  =  k0u.z  (50) 

From  (29), 

F  =  -K  d^/dz  =  -k0  u.  (<t>8  -  <|>,)/ln(8/z0)  (51) 

Returning  now  to  (28)  and  noting  that  <f>8  =  (p0 
=  constant,  we  find 

F  =  dM(x)/dx  =  (m.  z0/*0)«>6  -  <t>J 

d     f8/*°  /         ln(z/z0)\ 

•  —  1        ln(z/z„)     1  -  — — d(z/z0) 

^    J,  V        ln(5/z0)/ 

=  -*0w.(<i>8-<b,)/ln(8/z0) 

Integration  leads  to  the  equality 

(u.  z0/k0X4>s  ~  4>6)(d/a*)[S/z0  +  1  -  (28/z0)/ln(S/z0) 
+  2/ln(8/z0)]  =  k0  u.  ft,  -  <|)8)/ln(8/z0) 


0         200      400      600      800      1000 
Fig.  8.  Plot  of  logarithmic  integral,  li  y. 


10       X I06 


X/Zr 


Fig.  9.  Change  in  depth  of  boundary  layer  8  and  duct  thickness 

d  with  distance  x  downwind  of  a  transition  in  surface  value 

of  4>,  assuming  logarithmic  profiles  of  properties. 


and  differentiation  with  x  gives  the  equality 

S  ln(8/z0)d(8/z0)  -  2  J  d(8/z0)  +  2  \  d(8/z„)/ln(8/z0) 

-  2  J  d(8/z0)/(8/z0)ln(8/z0)  =  (k20/z0)x 
which  integrates  to 

x       8       8  8  8 

ki  —  =  —  In  —  -  3  —  +  3  +  21n  — 


ln(8/z0)  ln(8/z0) 

+  2 +  2 


SO 


k2  —  = 


2.2! 


8        8 
—  In  — 

zn       zn 


0  "0  "0  *0 

27-21n[ln(8/z0)] 


3.3! 


8  8 

3  — +  3  +  21i  — 
z„  z„ 


(52) 


(53) 


where  y  =  0.5772  is  Euler's  constant  and  li  is  the 
logarithmic  integral  shown  in  Figure  8.  In  writing 
the  above  equality,  the  identity 


d>>                                      In  y         In  y 
-  =  lnOnjO  +  lnj'  + + 


2-2!      3-3! 


..=Ky 


)   \ny 

has  been  used. 

As  before,  to  obtain  the  duct  height,  d,  we  take 
the  height  derivative  of  (49)  and  solve  for  the  height 
at  which  d<p/dz  =  -0.131,  we  find 

rf  =  (l/0.131)(<b,-<t)o)/ln(S/zo)  (54) 

where  8/z0  can  be  found  from  (53)  for  a  given 
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x.  Of  course  (53)  cannot  be  solved  explicitly  for 
8  as  in  the  earlier  models,  but  it  is  explicit  in  x 
and  can  easily  be  plotted.  It  is  shown  in  Figure 
9. 

Similarly,  from  (13)  and  (49), 

C„  «  \ZJ1  *0"J(4>,  -  <b0)[ln(8/z0)]  -'  *-</3  (55) 

where  8/z0  is  again  found  from  (53).  In  this  approx- 
imation (1  —  Ri)l/6  —  1 .0  for  reasonably  small  values 
of  Ri.  The  plot  of  duct  thickness  vs.  distance  off 
shore  is  shown  as  curve  D  in  Figure  9  assuming 
z0=  0.001  cm — a  typical  value  for  water  surfaces. 
Comparing  Figure  9  and  Figures  5  and  6  it  is  readily 
seen  that  the  behavior  of  boundary  layer  thickness 
and  duct  thickness  is  very  similar  for  logarithmic 
profiles  and  power-law  profiles  if  a  power  of  1/10 
is  chosen  as  the  power-law  index  under  neutral 
stability  conditions.  This  is  in  agreement  with  the 
comparisons  of  duct  thickness  for  power-law  and 
log-linear  profiles  shown  in  Figure  2. 

CONCLUSIONS 

The  cases  studied  in  this  paper  demonstrate  the 
value  of  the  proposed  approximate  method  for 
investigating  boundary  transitions  and  boundary- 
layer  wind  profiles  hitherto  considered  to  be  analyt- 
ically intractable. 


APPENDIX  A 

If  some  kind  of  log-linear  profile  is  assumed  to 
be  most  representative  of  real  boundary  layers,  it 
is  desirable  to  fit  power-law  profiles  to  it  in  some 
objective  manner  because  changes  in  both  atmo- 
spheric stability  and  surface  roughness  are  reflected 
in  the  power  m.  In  much  of  this  paper,  values  of 
m  =  0.2  and  q  =  7.5  were  chosen  for  illustration 
as  being  generally  representative  of  real  atmospheric 
stability  and  surface  roughness  conditions.  Howev- 
er, when  discussing  transitions  in  surface  roughness 
it  becomes  necessary  to  define  a  specific  method 
for  deducing  profile  parameters  (see  (14)). 

The  following  procedure  is  suggested.  If  two 
suitable  heights  z,  and  z2  are  chosen  at  which  the 
profiles  are  to  match, 


ln(z 
ln(z 


JzJ  +  flz/L  j  fry 
2/z0)  +  fiz/L       \zj 


(Al) 


stable  conditions,  =3  under  neutral  and  slightly 
unstable  conditions  [Businger  et  al,  1971],  and  L 
is  the  Monin-Obukov  length  representative  of  at- 
mospheric stability — positive  under  stable  condi- 
tions and  negative  under  unstable  conditions.  First 
select  L  to  represent  the  stability  conditions  of 
interest  and  z0  to  represent  the  appropriate 
roughness  (see  Table  2).  The  profile  index  m  is 
then  readily  found. 

Next  note  that  for  some  height  at  which  the 
profiles  are  to  match, 


u.  /     z2         z2\ 


qz* 


where  k0  —  0.4  is  von  Karman's  constant.  In  general, 
u.  will  depend  on  x,  but  it  can  be  cancelled  from 
both  sides  of  the  equation  so 


-iH-f) 


(A2) 


at  one  of  the  heights  previously  chosen. 

For  the  plot  in  Figure  7,  neutral  conditions  were 
chosen  so  L  =  oo.  A  transition  between  grassland 
and  water  was  assumed,  so  values  of  z0  =  4  and 
0.001  cm  respectively  were  chosen.  For  profiles 
fitting  at  heights  of  2  and  20  meters  this  leads  to 
profile  indices  of  0.2  and  0.075  respectively.  Equa- 
tion (A2)  then  yields  corresponding  values  of  q  = 
8.5  and  29  respectively  if  z2  is  chosen  to  be  20 
meters.  The  values  of  m  and  q  are  both  reversed 


TABLE  2.     Roughness  parameter  for  various  typical  surfaces. 


where  z0  is  a  small  length  representative  of  surface 
roughness,  p  is  a  universal  constant  —4.7  under 


Surface 

z0  (cm) 

Sea  surface 

0.001 

Mud  flats,  smooth  ice 

0.001 

Sun-baked  sandy  alluvium 

(level  desert,  India) 

0.03 

Sand 

0.04-0.06 

Lawn  (1  cm  grass  length) 

0.10 

Lawn  (l.S  cm  grass  length) 

0.20 

Natural  snow  surface 

0.20-0.50 

Lawn  (3  cm  grass  length) 

0.60-0.80 

Lawn  (5  cm  grass  length) 

1.0-2.0 

Downland  (winter) 

1.0-2.0 

Fallow  land 

2.0-3.0 

Russian  steppe 

2.0-3.0 

Downland  (summer) 

2.O4.0 

Open  grass  land 

3.0-4.0 

Long  grass  (60-70  cm  length) 

4.0-9.0 

Wheat  field 

4.5 

Turnip  field 

6.5 

Fully  grown  root  crops 

14.0 
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if  the  flow  is  from  smooth-to-rough  instead  of 
rough-to-smooth. 

Other  methods  of  fitting  the  power-law  profiles 
to  the  log-linear  also  suggest  themselves.  One  meth- 
od especially  appropriate  to  ducting  problems  would 
be  to  solve  for  the  "best  fit"  of  curves  of  m~' 
vs.  height  to  curves  of  L  ~'  vs.  height,  as  shown 
in  Figure  2  to  obtain  m  for  a  given  atmospheric 
stability  and  roughness  (L  and  z0). 
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Spectra  of  fluctuations  in  refractivity,  temperature,  humidity,  and  the  temperature-humidity  cospectrum 
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Recent  theoretical  and  experimental  advances  have  produced  a  model  of  the  power  spectrum 
of  quantities  mixed  by  turbulence.  This  model  is  applicable  for  arbitrary  diffusivity  and  is  thereby 
capable  of  predicting  the  high  wavenumber  shape  of  the  spectra  of  refractivity,  temperature,  humidity, 
and  the  temperature-humidity  cospectrum.  Equations  for  the  mean  refractivity  and  the  refractivity 
variance  are  formed  from  temperature,  pressure,  and  humidity  fluctuations;  the  accuracy  of  neglecting 
the  higher-order  terms  in  the  fluctuations  is  determined.  In  order  to  apply  the  model  power  spectrum 
for  temperature  and  humidity  fluctuations  in  the  atmosphere,  it  is  first  determined  under  what 
conditions  temperature  and  humidity  satisfy  a  simple  continuity  equation  that  balances  temporal 
changes,  advection,  and  diffusion.  Experiments  have  shown  that  the  temperature  spectrum  in  air 
has  a  "bump"  at  high  wave  numbers.  This  feature  is  understood  in  terms  of  the  theoretical  model, 
and  the  bump  is  predicted  to  appear  in  the  refractivity  and  humidity  spectra  and  in  the  temperature- 
humidity  cospectrum  as  well  as  in  the  temperature  spectrum.  The  bump  in  the  humidity  spectrum 
is  smaller  than  that  in  the  temperature-humidity  cospectrum,  which  is  in  turn  smaller  than  the 
bump  in  the  temperature  spectrum;  this  effect  is  caused  by  the  fact  that  the  diffusivity  of  water 
vapor  in  air  is  slightly  greater  than  that  of  heat  in  air.  The  shape  of  the  refractivity  spectrum 
depends  on  the  relative  contributions  of  the  temperature  spectrum,  humidity  spectrum,  and 
temperature-humidity  cospectrum.  The  refractivity  spectrum  can  have  an  enhanced  bump  if  the 
contribution  of  the  temperature-humidity  cospectrum  is  negative  and  nearly  cancels  the  contributions 
of  the  temperature  and  humidity  spectra.  The  impact  of  these  developments  on  radio  wave  propagation 
is  discussed. 


1.     INTRODUCTION 

Knowledge  of  the  spatial  power  spectrum  of 
refractivity  fluctuations  is  necessary  for  under- 
standing the  scattering  and  propagation  of  electro- 
magnetic waves  in  turbulent  media.  The  spectrum 
of  temperature  fluctuations  in  the  atmospheric  sur- 
face layer  has  been  accurately  measured  at  inertial 
range  and  larger  wave  numbers  by  Champagne  et 
al.  [1977]  and  by  Williams  and  Paulson  [1977]. 
Their  measurements  reveal  that  there  is  a  "bump" 
in  the  temperature  spectrum  at  high  wavenumbers. 
The  theoretical  models  of  scalar  spectra  developed 
by  Hill  [1978]  give  the  interpretation  that  this  bump 
is  a  tendency  to  a  viscous-convective  range  at 
wavenumbers  lower  than  those  wavenumbers  at 
which  the  diffusion  of  heat  causes  the  spectrum 
to  decrease  rapidly.  These  models  of  the  scalar 
spectrum  are  applicable  for  arbitrary  diffusivity  and 
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therefore  provide  a  means  of  predicting  the  shape 
of  the  humidity  spectrum  and  the  temperature- 
humidity  cospectrum.  The  ability  to  predict  theoret- 
ically the  humidity  spectrum  and  temperature- 
humidity  cospectrum  is  particularly  important  at 
high  wavenumbers  because  frequency  response 
limitations  make  it  impossible  to  measure  these 
spectra  at  high  wavenumbers  by  present  techniques. 
Since  the  refractivity  fluctuation  is  caused  by  tem- 
perature and  humidity  fluctuations,  the  predicted 
temperature  spectrum,  humidity  spectrum,  and 
temperature-humidity  cospectrum  are  used  to  obtain 
the  spectrum  of  refractivity  fluctuations. 

The  analysis  presented  here  consists  of  three 
parts.  In  section  2  the  refractivity  is  expressed  as 
a  function  of  the  fluctuations  of  pressure,  tempera- 
ture, and  humidity.  A  determination  is  made  of 
the  accuracy  of  retaining  only  the  lowest  order  in 
fluctuations  in  the  mean  refractivity  and  refractivity 
variance.  For  this  purpose  the  values  of  averaged 
quantities  are  taken  to  be  those   typical  of  the 


0048-6604/78/  1 1 12-0953S0I  .00 


953 


568 


954 


R.  J.  HILL 


atmospheric  surface  layer.  In  section  3  one  finds 
an  investigation  of  the  approximations  that  are 
required  so  that  the  temperature  and  humidity  are 
described  by  (6),  which  balances  temporal  changes 
and  advection  against  diffusion.  When  temperature 
and  humidity  satisfy  such  an  equation  the  model 
of  the  scalar  spectrum  may  be  used  to  predict  the 
temperature  spectrum,  humidity  spectrum,  and 
temperature-humidity  cospectrum;  this  is  done  in 
section  4,  along  with  a  presentation  of  the  resulting 
refractivity  spectrum. 

2.     MEAN  AND  FLUCTUATING  REFRACTIVITY 

The  refractivity  of  air  may  be  approximated  by 
[Gossard,  I960]: 

P  Q 

N  =  A  —  -  BQ  +  C  — 

T  T 

where  T  is  absolute  temperature,  P  is  total  atmos- 
pheric pressure,  and  Q  is  the  absolute  humidity. 
The  coefficients  A,  B,  and  C  are  functions  of  the 
wavelength.  At  optical  frequencies  the  last  term 
is  usually  neglected.  Pressure,  temperature,  and 
humidity  are  expressed  in  terms  of  their  mean  values 
(P),  (T),  and  (Q)  and  their  fluctuations  P',  7", 
and  Q'  as 

P=(P)+P',     T=(T)  +  T',    Q=(Q)  +  Q' 

The  fluctuations  have  zero  mean  values.  The  re- 
fractivity may  then  be  written  as 

N  =  (A(P)/(T))(l  +P'  /(P))(\  +  T'/(T)y> 

-B(Q)(l  +  Q'/(Q))  +  (C(Q)/(T))(\  +  Q' 

+  (Q))(l  +  T'/(T)yl  (1) 

The  mean  refractivity  is  found  by  averaging  (1). 
Use  is  made  of  the  identity 


(i  +  r/<r))-|  =  2(-J)'(^'/<7'))' 

1=0 

Then, 

A(P) 


(N)  = 


(T) 

C(Q) 

(T) 


i  +  ^(-i/(T)y((ry) 


B(Q) 


1  + V  i-l/(T))'(Q'(T')') 

(Q)  £t 


in  accordance  with  the  estimates  given  in  appendix 
A.  In  the  first  term,  the  leading  term  of  the  summa- 
tion is  {T'2) I (T)2  which,  from  the  estimate  (A2) 
of  appendix  A,  is  about  10  5  to  10~7.  Therefore, 
the  entire  sum  in  the  first  term  is  neglected.  In 
the  last  term,  the  leading  term  within  the  summation 
is  -{Q'T')/{(Q)(T)).  The  temperature-humidity 
covariance  has  been  measured  over  water  by  Friehe 
et  al.  [1975].  Values  of  -(Q'T) /((Q){T))  ob- 
tained from  their  data  are  -3  x  10~6  over  the  ocean 
and  4  x  10"5  over  the  Salton  Sea.  Therefore,  the 
entire  sum  in  the  last  term  is  neglected  relative 
to  unity.  Thus  an  expression  for  the  mean  refracti- 
vity which  is  accurate  to  about  one  part  in  105 
is 

(N)^A(P)/(T)  -B(Q)  +  C(Q)/(T) 

The  fluctuation  in  the  refractivity  N'  is  N  - 
(N).  When  pressure  fluctuations  are  ignored  it 
becomes 


TV' 


r 


+  ^(-i/(T)Y(T"-  <r'» 


c 


(T) 


I     (T) 

Q'  +  ^j(-\/(T))\T"Q'  -  (T"Q')) 


BQ' 


(2) 


where  the  pressure  fluctuations  have  been  neglected 


whereG  =  /l<P>/<r>  +  C{Q)/(T).  This  expres- 
sion for  TV'  has  a  mean  value  that  is  identically 
zero. 

The  refractivity  variance,  (TV'2),  formed  from 
(2)  contains  infinite  sums  containing  second-order 
and  higher-order  averaged  quantities.  The  values 
of  the  third-order  terms  are  estimated  in  appendix 
A  for  the  atmospheric  surface  layer;  it  is  shown 
that  an  approximation  to  the  refractivity  variance, 
accurate  to  a  few  tenths  of  one  percent,  is 

(TV'2)  =  a  {T'2)  +  b2(Q'2)  +  2ab(T'Q')  (3) 

where 

a  =  (A{P)  +  C(Q))/(T)7  (4) 

b  =  B-C/(T)  (5) 

Equation  (3)  is  identical  to  the  refractivity 
variance  obtained  by  assuming  that  the  fluctuations 
may  be  treated  as  differential  quantities  and  there- 
fore that 
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dN  dN  dN 

n'  =  —  r  +  —  q'  +  —  p' 

dT  dQ  dP 


AP       CQ    , 

— r  -  -=-  r  + 


C  \  A 

•B  +  —)Q'  +—P' 
T  J  T 


When  pressure   fluctuations   and  terms   that   are 
second  order  in  the  fluctuations  are  neglected, 

A(P)+C(Q)             (              C 
N'  =  - : T'  +  [-B  + \Q' 


(TY 


(T) 


This  is  just  (2)  to  first  order  in  the  fluctuations 
and  it  leads  to  (3). 

3.     CONTINUITY  EQUATIONS  FOR  TEMPERATURE 
AND  HUMIDITY 

The  simplest  case  of  an  advected  and  diffusing 
scalar  quantity,  S,  is  one  in  which  S  satisfies 


as/at  +  v-  vs  =  Dy2s 


(6) 


where  Ds  is  the  diffusivity  of  the  scalar.  The  theory 
of  the  spatial  power  spectrum  of  scalar  fluctuations 
in  turbulent  flow  uses  (6)  as  its  starting  point  [Hill, 
1978] .  In  compressible  fluids,  such  as  the  atmo- 
sphere, neither  the  temperature  T  nor  the  humidity 
Q  satisfies  (6);  it  will  be  shown  under  what  condi- 
tions T  and  Q  approximately  satisfy  (6). 

From  the  equation  for  the  conservation  of  entropy 
[Lumley  and  Panofsky,  1964] ,  the  potential  temper- 
ature 6  =  T(P0/P)286  (P0  is  a  reference  pressure 
and  .286  =  1  —  y~\  where  y  is  the  ratio  of  specific 
heats)  satisfies 

dQ/dt  +  V*  V6  =  DT(Q/T)'72T=-  DTS72Q 

where  DT  is  the  thermal  diffusivity.  The  approxi- 
mation (9/r)V2r~  V28  neglects  the  contribution 
of  pressure  fluctuations  to  V28.  With  this  approxi- 
mation the  potential  temperature  satisfies  (6).  From 
the  estimates  (Al)  and  (A2),  the  fluctuations  in  0 
are  caused  by  fluctuations  in  T,  and  the  contribution 
of  pressure  fluctuations  is  small.  Considering  two 
points  having  some  vertical  separation,  the  mean 
pressure  gradient  causes  a  difference  in  the  potential 
temperature  between  these  points;  this  difference 
is  small  provided  that  the  vertical  separation  is  small. 
For  instance,  if  the  fluctuating  temperature  causes 
a  0.1  K  temperature  difference  between  points 
spaced  1  m  apart  vertically,  then  the  mean  pressure 
gradient  contributes  only  about  10%  to  the  dif- 
ference in  potential  temperature  between  these 


points.  Therefore,  at  small  length  scales  the  distinc- 
tion between  8  and  T  is  unimportant  and  T  may 
be  taken  as  satisfying  (6). 
The  humidity  Q  satisfies 

dQ/dt+V-(\Q)  =  DQV2Q  (7) 

where  DQ  is  the  diffusivity  of  water  vapor  in  air. 
Thus  Q  does  not  satisfy  (6).  The  number  density 
of  molecules  of  humid  air,  p,  satisfies 


dp/dt  +  V'(Vp)  =  0 

From  (7)  and  (8)  it  then  follows  that 

d(Q/P)/dt  +  V-  V  (Q/p)  =  (\/p)DQV2Q 


(8) 


(9) 


The  left-hand  side  of  (9)  is  the  same  as  (6)  with 
S  =  Ql '?■>  but  *he  diffusion  term  is  different  from 
that  of  (6). 

There  is  a  subtle  reason  for  using  the  total  number 
density  of  humid  air,  p,  instead  of  the  number 
density  of  dry  air  or  the  mass  density  of  humid 
air  or  the  mass  density  of  dry  air.  The  reason  is 
that,  unlike  p,  the  latter  three  quantities  do  not 
satisfy  (8);  in  fact,  their  equivalent  of  (8)  has  a 
diffusion  term  on  the  right-hand  side.  This  fact  can 
be  made  obvious  for  the  number  density  of  dry 
air;  the  case  of  the  mass  densities  then  follows 
from  the  differences  in  the  molecular  masses  of 
water  molecules  and  dry  air  constituents.  Suppose 
a  small  parcel  of  air  contains  more  water  molecules 
than  the  surrounding  air.  The  mutual  diffusion  of 
the  water  molecules  and  dry  air  constituents  causes 
the  number  density  of  water  molecules  in  the  parcel 
to  decrease.  At  constant  temperature  and  pressure 
the  water  molecules  that  leave  the  parcel  are  re- 
placed on  a  one-to-one  basis  by  dry  air  molecules. 
Therefore,  the  number  density  of  dry  air  changes 
in  response  to  the  diffusion  of  water  molecules. 
Using  (7)  and  (8)  it  may  be  shown  that  the  number 
density  of  dry  air  satisfies  (8)  with  the  right-hand 
side  replaced  by  -DQV2Q.  In  obtaining  (9),  the 
use  of  an  air  density  other  than  p  will  simply  lead 
to  a  more  complicated  diffusion  term  on  the  right- 
hand  side.  For  instance,  the  specific  humidity  (mass 
of  water  vapor  per  unit  volume  divided  by  the  mass 
of  humid  air  per  unit  volume)  satisfies  an  equation 
similar  to  (9)  but  with  a  more  complicated  diffusion 
term. 

The  humidity,  Q,  satisfies  (6)  approximately  if 
the  atmosphere  can  be  considered  approximately 
incompressible,  V*V  =  0;  the  several  requirements 
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for  this  incompressibility  approximation  are  now 
given.  The  assumption  of  incompressibility  requires 
that  vertical  displacements  be  sufficiently  small  so 
that  the  mean  gradient  of  the  pressure  may  be 
sufficiently  small  so  that  the  mean  gradient  of  the 
pressure  may  be  neglected.  A  further  requirement 
is  that  the  humidity  fluctuation  caused  by  the 
fluctuation  in  the  density  of  air  is  much  smaller 
than  the  total  humidity  fluctuation.  In  order  to  treat 
the  fluctuation  of  temperature  and  humidity  at 
length  scales  so  small  that  the  diffusion  of  heat 
is  important,  it  is  necessary  to  consider  the  fluctua- 
tions in  the  air  density  as  being  an  example  of 
compressible  flow.  The  reason  is  that  the  diffusion 
of  heat  out  of  or  into  small-scale  temperature 
fluctuations  causes  the  air  to  expand  or  contract, 
and  thermal  expansion  or  contraction  is  an  example 
of  compressible  flow.  At  constant  pressure  (thus 
neglecting  pressure  fluctuations)  and  constant  Q/p 
and  to  first  order  in  fluctuations  the  perfect  gas 
law  gives  the  humidity  fluctuation  caused  by  the 
fluctuation  in  the  air  density  as  Q[omp  = 
-(Q)T' /(T).  This  relationship  says  that  the  hu- 
midity fluctuation  caused  by  density  variations 
follows  the  temperature  fluctuation.  For  the  total 
humidity  fluctuation,  Q',  to  be  much  greater  than 
the  humidity  fluctuation  caused  by  temperature 
fluctuations,  Q'comp,  it  is  required  that 


(Q'2)i/2/(Q)^(T'2),/2/{T) 


(10) 


The  estimates  (A2)  and  (A3)  indicate  that  (10)  is 
usually  satisfied;  of  course  there  may  be  geophysical 
situations  in  which  (10)  is  not  satisfied.  In  obtaining 
(10)  it  was  assumed  that  Q/p  was  constant  following 
a  fluid  particle;  this  assumption  is  not  strictly 
applicable  at  very  small  length  scales  where  diffu- 
sion is  important  because  of  the  diffusion  of  water 
vapor.  However,  water  vapor  and  heat  have  nearly 
the  same  diffusivity;  thus  (10)  is  sufficient  to  insure 
that  the  air  density  fluctuations  contribute  only 
slightly  to  small-length-scale  humidity  fluctuations. 

4.     REFRACTIVITY  SPECTRUM 

The  power  spectrum  of  the  refractivity  fluctuation 
is  now  expressed  in  terms  of  the  power  spectra 
of  temperature  and  humidity  and  the  temperature- 
humidity  cospectrum.  In  this  section  the  tempera- 
ture and  humidity  are  assumed  to  satisfy  (6),  the 
requirements  for  this  to  be  valid  are  given  in  section 
3.  Isotropic  turbulence  is  assumed.  The  transfer 


spectrum  TS)S2(k)  and  the  scalar  spectrum  TSiS2(k) 
are  the  averages  over  a  sphere  in  wave  vector  space 
of  the  Fourier  transforms,  over  the  separation 
vector  r,  of  the  quantities 

-(S[(x  +  r)V'(x)-  VS'2(x)  +  S'2(x  +  r)V'(x)-  VS',(x)> 

and     (S[(x  +  r)S'2(x)) 

respectively;  V  is  the  velocity  fluctuation;  5,  and 
S2  are  to  be  replaced  by  T,  Q,  or  N.  Then  the 
spatial  power  spectrum  of  temperature  fluctuations 
<&T(k)  is  related  to  Tr7.(A:)  by 

r7V-(Jk)  =  4irJfc2Or(^) 

with  the  analogous  relationship  holding  for  N  and 
Q.  The  spectrum  TTQ(k)  is  just  the  temperature- 
humidity  cospectrum.  The  variances  are  given  by 


<r2) 


Y  rritydk 


(T'Q')=  \   rTQ(k)dk 

and  so  forth. 
From  (6)  the  scalar  spectra  satisfy 

dY-rr/dt  =  TTT  -  I^Dt-Ytt 
dY00/dt  =  TOQ-2k2DQr 


'Ql  QQ 


dYTO/dt  =  TTQ-k2(DT+DQ)Y 


Q>'    TQ 


(11) 

(12) 
(13) 


Using  equations  (4)  and  (5)  and  to  lowest  order 
in  V  and  Q' ,  the  refractivity  fluctuation  is 


#'  =  -aT  -  bQ' 


so 


^nn  =  a  rrr  +  b  ree  +  2abYTQ 
tnn  —  °2  ttt  +  b2  TQQ  +  2abTTQ 
Then,  from  (11)-(13),  VNN  satisfies 


(14) 


dYNJdt  =  TNN  -  2k2  [a2  D^^  +  b2  DQY 


e*  qq 


(15) 


+  ab(Dr+DQ)YrQ] 

If  DT  and  DQ  were  equal,  then  (15)  would  have 
the  same  form  as  (11)-(13);  unfortunately  DT  ^ 

Da- 

In  the  inertial-convective  range  of  wave  numbers, 

Corrsin  [1951]  used  dimensional  analysis  to  obtain 
the  wave  number  dependence  of  the  temperature 


571 


SPECTRA  OF  FLUCTUATIONS 


957 


spectrum.  The  rates  of  diffusive  dissipation  of 
temperature  and  humidity  variance  are  denoted  xT 
and  xG ,  respectively,  and  e  is  the  rate  of  dissipation 
of  turbulent  kinetic  energy.  Then  Corrsin's  analysis 
gives 


r„-(*)  =  3x^",/3*"5/3 

.-1/3^-5/3 


(16) 

rQQ(k)  =  vXQB-ink-5/3  (17) 

The  analogous  dimensional  analysis  for  the 
temperature-humidity  cospectrum  is  given  by  Wyn- 
gaard  et  al.   [1978] ,  they  find 


rTQ(k)  =  fi'xTQE-ink 


5/3 


(18) 


It  is  assumed  here  that  p'  =  p.  Experimental 
determinations  of  fj,,  where  p  =  53,  /3,  are  re- 
viewed by  Hill  [1978] ;  p,  =  0.43  so  p  -  0.72. 

Equation  (18)  may  also  be  obtained  from  (16) 
and  (17)  by  noting  that  at  inertial-convective  wave 
numbers  the  effects  of  diffusion  are  negligible  and 
therefore  the  spectrum  of  T  +  Q  (and  for  that 
matter  the  spectrum  of  N)  satisfies  an  equation 
of  the  form  (11)  with  the  diffusion  term  neglected. 
Then,  by  the  methods  that  give  (16)  and  (17), 
r  oc  k~s/3  Now  r  =  r    +  r 

(T+Q)(T+Q)  a  •    1^,JW   l  (T+Q)(T+Q)  '  7T  T    '  QQ 

+  1YTQ ;  since  the  left-most  spectra  are  proportion- 
al to  k~5/3  it  follows  that  YTQ  oc  k ~5/3.  Furthermore, 
for  inertial-convective  range  wave  numbers  the 
diffusion  terms  in  (15)  are  neglected  and  (15)  then 
has  the  form  of  (11).  The  dimensional  result  of 
Corrsin  [1951]  then  applies  to  the  spectrum  of 
refractivity  fluctuations  so 


rN„(k)  =  Vx„e-,/3k- 


(19) 


The  relationship  between  the  dissipation  rates  and 
the  structure  parameters  is 

4<TT(.033)Cr=PXre"'/3 

and  similarly  for  C2Q,  CTQ,  and    C2N.  Equations 
(16)-(19)  and  (14)  give 

X/v  =  a2Xr+  *2Xe  +  2abxTQ 
Equivalently, 

C N  =  a  C T  +  b  C q  +  1abCTQ 

A  dimensionless  temperature  spectrum,  f  TT,  is 
given  by 


with  f  NN ,  f  QQ ,  and  f  TQ  defined  in  the  same  manner; 
v  is  the  kinematic  viscosity  and  t\  =  (v3/e)'/4  is 
the  Kolmogorov  microscale.  In  the  inertial-convec- 
tive range  all  of  the  dimensionless  spectra  are 
P(&t|)~5/3.  In  terms  of  the  dimensionless  spectra 
(14)  is 


Tj-p  +  b' 


C  C 

°r        ,    o    i.      TQ  r 


TQ 


(20) 


The  dimensionless  spectrum  f  TQ  is  positive  at  high 
wave  numbers;  however,  the  quantities  TTQ, 
XTQ,  Ctq,  or  (T'Q')  may  be  either  positive  or 
negative.  The  dimensionless  spectrum  TTQ  may  or 
may  not  be  negative  at  wave  numbers  lower  than 
the  inertial-convective  range;  the  experimental  ob- 
servations of  Wyngaard  et  al.  [1978]  give  an  exam- 
ple of  a  temperature-humidity  cospectrum  that 
changes  sign  at  low  wave  numbers.  From  (5)  the 
coefficient  b  is  negative  at  radio  wave  frequencies 
(since  the  polarizability  of  water  vapor  dominates) 
but  positive  at  optical  frequencies.  Consequently, 
the  last  term  in  (20)  may  either  increase  or  decrease 
f^.  This  latter  effect  has  been  demonstrated 
experimentally  by  Gossard  [1960]  and  Friehe  et 
al.   [1975]. 

A   model  of  the   transfer   spectrum  has  been 
developed  by  Hill  [1978] ;  this  model  is 

TSlS2(k)  -  (d/dk)Ds(k)(d/dk)k~2TSiS2(k) 
where 


t.tv28 


Ds(k)  =  (3/  ll)p-'e,/JA:^J  \{k/k"r  +  1] 


1/(38) 


and,  by  comparison  with  experiment,  the  parame- 
ters 8  and  kf  are  assigned  the  values 

5=1.9,     -r^  =  0.072 

In  the  steady  state,  (11)-(13)  then  become  linear, 
homogeneous,  second-order  differential  equations. 
Solution  of  (11)  in  the  steady  state  by  Hill  [1978] 
has  yielded  excellent  agreement  with  the  tempera- 
ture spectra  measured  by  Champagne  et  al.  [1977] 
and  Williams  and  Paulson  [1977] .  Since  this  model 
of  the  transfer  spectrum  is  applicable  for  arbitrary 
diffusivity  it  can  predict  the  shape  of  YQQ  at  high 
wave  numbers  where  YQQ  is  unmeasurable  by  pre- 
sent techniques.  Furthermore,  it  is  assumed  that 
the  model  transfer  spectrum  also  applies  to  TTQ{k) 
so  that  rTQ(k)  is  also  predicted  by  the  model.  Then, 
through  (14)  the  shape  of  r^fc)  may  be  obtained. 
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Fig.  1.  Calculated    temperature    and    humidity    spectra    and 
temperature-humidity  cospectrum. 


The  model  predictions  for  f 


r 

TTi     lQQ- 


and  f 


TQ 


are  illustrated  in  Figures  1  and  2.  The  differences 
in  the  three  spectra  are  caused  by  the  difference 
between  the  diffusivities  DT,  DQ,  and  (DT+  DQ)/2. 
For  atmospheric  temperatures  of  about  300  K,  the 
Prandtl  number  of  air,  v/DT,  is  0.72  whereas  the 
Schmidt  number  of  water  vapor  in  air,  v/DQ,  is 
0.63,  where  DQ  is  obtained  from  expressions  given 
by  Mason  and  Marrero  [1970] .  Thus  DQ  is  about 
14%  larger  than  DT. 

In  Figure  1  the  curves  tend  to  the  constant  |3 
at  low  wave  numbers;  this  flat  portion  of  the  curves 
is  the  inertial-convective  range.  The  pronounced 
bump  at  higher  wave  numbers  is  shown  by  Hill 


[1978]  to  be  caused  by  the  onset  of  the  viscous- 
convective  range  at  wave  numbers  lower  than  those 
at  which  the  spectra  decrease  because  of  diffusion. 
This  bump  is  evident  in  the  temperature  spectra 
measured  by  Champagne  et  al.  [1977]  and  by 
Williams  and  Paulson  [1977].  The  parameter  kf 
is  a  wave  number  that  parameterizes  the  location 
of  the  transition  between  the  inertial-convective 
range  and  the  viscous-con vective  range.  The  impor- 
tance of  A:f  to  the  shape  of  the  spectra  in  Figure 

1  is  seen  by  locating  k*-r\  =  0.072  in  Figure  1.  Figure 

2  contains  the  dimensionless  dissipation  spectra. 
The  area  under  the  curves  in  Figure  2  is  v/(2DT), 
v/(2DQ),  and  v/(DT  +  DQ)  for  the  dissipation 
spectra  of  temperature,  humidity,  and  temperature- 
humidity,  respectively. 

In  the  Salton  Sea  experiment  by  Friehe  et  al. 
[1975] ,  TTQ  was  negative  and  tended  to  cancel  the 
contributions  to  the  refractivity  spectrum  made  by 
Ty^-and  TQQ-  An  extreme  case  of  such  cancellation 
is  presented  in  Figure  3.  For  this  case,  called  case 
1 ,  T^  is  determined  from  (20)  with  the  coefficients 
satisfying 

[a2C2T]  I  [b2C2Q]  I  [2abC2TQ]  =  2/  l/(-2.9) 

Then  the  TTQ  contribution  to  T NN  closely  cancels 
that  of  YTT and  TQQ  in  the  inertial-convective  range, 
but  the  cancellation  is  less  close  at  higher  wave 
numbers.  Consequently  the  bump  in  YNN  is  larger 
than  the  bump  in  any  of  TTT,  TQQ,  or  TTQ.  A  less 
extreme  case,  case  2,  is  also  shown  in  Figure  3; 
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Fig.  2.  Calculated  dissipation  spectra. 


Fig.  3.  The  refractivity  spectrum  for  cases  1  and  2  described 
in  the  text. 
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for  case  2, 

[a2C2T]/[b2C2Q]/[2abC2TQ]  =5/0.1/1 

In  this  case  the  shape  of  YNN  is  nearly  the  same 
as  that  of  T™. 


is  shown  by  Hill  and  Clifford  [1978]  to  produce 
a  corresponding  bump  in  the  variance  of  log-inten- 
sity. Furthermore,  they  show  that  the  covariance 
of  log-amplitude,  the  structure  function  of  phase, 
and  the  lateral  coherence  length  differ  from  those 
predicted  using  the  Tatarskii  model  of  the  tempera- 
ture spectrum.  In  the  absence  of  experimental 
support,  Tatarskii  [1971]  assumed  that  the  temper- 
ature spectrum  has  a  gaussian  cutoff  at  diffusive 
range  wave  numbers.  With  the  advent  of  observa- 
tional support  and  theoretical  modeling,  the  study 
of  optical  propagation  can  use  realistic  refractivity 
spectra. 

The  presence  of  the  bump  can  also  be  important 
for  radio  wave  scattering.  For  instance,  the  Cha- 
tanika  radar  is  capable  of  observing  backscatter 
from  turbulence  in  the  stratosphere  [Balsley  and 
Farley,  1976;  Balsley  et  al,  1977].  From  HICAT 
data,  Chen  [1974]  shows  that  the  energy  dissipation 
rate  e  of  stratospheric  clear  air  turbulence  is  typical- 
ly 10  to  103  cm2  sec3.  For  e  =  10  cm2  sec-3  the 
Kolmogorov  microscale,  t\,  increases  from  0.26  cm 
at  10  km  altitude  to  1.3  cm  at  24  km  altitude.  The 
wavelength,  X,  of  the  Chatanika  radar  is  23  cm, 
so  for  backscatter  the  radar  senses  irregularities 
at  the  wave  number  K  =  2(2tt/\)  —  0.5  radians 
cm-1.  Then,  for  altitudes  from  10  to  24  km,  Kt\ 
varies  from  0.13  to  0.6.  Examination  of  Figure  1 
shows  that  Kt\  is  near  the  peak  of  the  bump  for 
10  km  altitude  and  Kr\  is  well  within  the  dissipation 
range  at  20  km.  Use  of  e  =  103  cm2  sec-1  would 
shift  these  estimates  of  Kt\  toward  the  left  on  Figure 
1  by  roughly  a  factor  of  3.  The  structure  constant 
C\  is  a  property  of  the  inertial-convective  range. 
the  model  predictions  for  YTT,  YQQ,  and  YTQ.  At      A  determination  of  C2T  from  stratospheric  echoes 


5.     SUMMARY  AND  DISCUSSION 

In  section  2  and  appendix  A  the  importance  to 
(N)  and  (N'2)  of  terms  containing  higher  orders 
in  the  fluctuations  V  and  Q'  is  investigated.  For 
conditions  typical  of  the  atmospheric  surface  layer 
it  is  found  that  good  accuracy  is  obtained  when 
only  the  lowest  order  in  the  fluctuation  is  retained. 

The  potential  temperature,  0,  satisfies  (6).  With 
the  neglect  of  pressure  fluctuations  and  a  restriction 
to  small  vertical  displacements  it  is  shown  in  section 
3  that  the  temperature,  T,  also  satisfies  (6)  approxi- 
mately. Neither  the  humidity,  Q,  nor  Q/p  satisfies 
(6).  However,  with  the  neglect  of  pressure  fluctua- 
tions, with  a  restriction  to  small  vertical  displace- 
ments, and  if  (Q'2)l/2/(Q)^>(T'2)l/2/(T), 
then  the  humidity,  Q,  does  satisfy  (6)  approximately. 

With  T  and  Q  assumed  to  satisfy  (6),  the  scalar 
spectral  model  developed  by  Hill  [1978]  is  used 
to  predict  the  spectral  shapes  of  YTT,  YQQ,  and 
YTQ.  The  bump  in  the  temperature  spectrum  ob- 
served by  Champagne  et  al.  [1977]  and  Williams 
and  Paulson  [1977]  makes  its  appearance  in  all 
three  of  these  spectra.  The  bump  in  YQQ  is  smaller 
than  that  in  YTQ  which  is  in  turn  smaller  than  the 
bump  in  YTT;  this  effect  is  due  to  the  fact  that 
DQ  >  DT. 

The  refractivity  spectrum  Y NN  is  determined  from 


wave  numbers  higher  than  those  of  the  inertial-con- 
vective range  the  shape  of  YNN  is  not  unique;  rather 
T^  depends  on  the  relative  contributions  of  YTT, 
YQQ ,  and  YTQ .  For  the  case  in  which  the  contribution 
from  YTQ  nearly  cancels  those  of  T^  and  YQQ, 
then  T^  has  a  more  pronounced  bump  than  does 
Yj-j.  or  YQQ  or  YTQ.  The  cospectrum  is  expected 
to  be  negative  whenever  warm,  dry  air  lies  above 
cold,  moist  air.  This  occurs  near  the  ground  at  night 
and  over  water  that  is  colder  than  the  air,  the  latter 
case  being  observed  by  Frielic  et  al.  [1975].  This 
also  occurs  at  the  top  of  the  convective  boundary 
layer  as  observed  by  Wyngaard  et  al.  [1978] . 

The  spectral  shapes  at  high  wave  numbers  are 
important  for  optical  propagation  in  the  turbulent 
atmosphere.  The  bump  in  the  temperature  spectrum 


observed  by  the  Chatanika  radar  requires,  in  prin- 
ciple, the  use  of  Figure  1  and  an  independent 
measure  of  e  because  Kr\  does  not  lie  in  the 
inertial-convective  range. 

APPENDIX  A 

An  investigation  is  made  of  the  accuracy  of 
neglecting  terms  in  the  refractivity  variance  that 
are  of  order  higher  than  (T2),  <0'2>  and  (T'Q'). 
The  first  terms  within  the  summations  in  (2)  are 
retained;  these  terms  then  give  higher-order  terms 
in  (N'2 ).  The  values  of  these  terms  are  investigated 
for  conditions  that  are  typical  of  the  atmospheric 
surface  layer.  For  this  purpose  typical  values  of 
rms  fluctuating  pressure,  temperature,  and  humi- 
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dity,  as  well  as  the  temperature  skewness,  are  taken 
from  surface-layer  experiments. 

Pressure  fluctuations  arise  from  the  dynamics  of 
the  turbulence.  In  the  near-neutral  surface  layer, 
Elliott  [1972]  found  that  the  root-mean-square 
pressure  fluctuation  was  -2.6  times  the  kinematic 
surface  stress.  Whether  or  not  Elliott's  result  applies 
to  the  unstable  surface  layer  is  unknown.  When 
one  uses  the  stress  values  (uw)  measured  over 
land  by  Champagne  et  al.  [1977]  and  Haugen  et 
al.  [1971],  the  rms  pressure  fluctuations  given  by 
Elliott's  result  are  typically  10~2  to  10~3  millibars. 
For  the  same  experiments  the  rms  temperature 
fluctuation  is  typically  between  1.0  and  0.1  K.  The 
rms  temperature  fluctuation  depends  strongly  on 
height.  The  rms  humidity  fluctuations  measured  by 
Champagne  et  al.  [1977]  are  about  0.5  g/m3  which 
is  comparable  to  the  rms  humidity  fluctuations  over 
water  [Friehe  et  al.,  1975].  The  mean  pressure 
is  taken  to  be  103  mb,  the  mean  temperature  to 
be  300  K,  and  the  mean  humidity  is  taken  from 
Champagne  et  al.  [1977]  to  be  about  10  g/m3;  then 


(P'2)i/2/(P)  =*  10"5to  10-6 
(T'2)U2/(T)  -  3  x  l(T3to3  x  10" 
(Q'2),/2/(Q)^5x  10"2 


(Al) 
(A2) 
(A3) 


Values  of  temperature,  humidity,  and  pressure 
variance  reported  by  Gossard  [1960]  are  compara- 
ble to  those  implied  by  (Al),  (A2),  and  (A3).  Data 
reported  by  Friehe  et  al.  [1975]  give  values  of 
(Q'2)W2/{Q)  equal  to  1.4  x  10~2  for  the  open 
ocean  data  and  9  x  10~2,  for  the  Salton  Sea  data. 
The  direct  effect  of  pressure  fluctuations  is  in  the 
first  term  of  (1).  From  the  estimates  (Al)  and  (A2) 
it  is  seen  that  the  pressure  fluctuations  may  be 
neglected  relative  to  the  effects  of  temperature 
fluctuations  in  the  first  term  of  (1)  to  an  accuracy 
of  not  less  than  3%.  There  is  also  an  indirect  effect 
of  pressure  fluctuations,  namely  that  adiabatic 
pressure  fluctuations  cause  both  temperature  and 
density  fluctuations  and  therefore  humidity  fluctua- 
tions as  well.  When  the  perfect  gas  law,  the  adiabatic 
law,  and  the  estimates  (Al),  (A2),  and  (A3)  for 
the  fluctuation  levels  are  used,  then  it  is  found 
that  this  indirect  effect  of  pressure  fluctuations  may 
be  neglected  as  well.  Of  course,  one  can  imagine 
a  laboratory  flow  in  which  the  pressure  fluctuations 
are  large  and  the  temperature  and  humidity  fluctua- 
tions are  kept  small;  then  both  of  the  effects  of 


pressure  fluctuations  may  not  be  negligible. 
However,  the  effects  of  pressure  fluctuations  are 
neglected  in  this  study. 

The  refractivity  variance  is  formed  from  (2) 
and  only  averages  containing  up  to  three  fluctuating 
quantities  are  retained;  the  refractivity  variance  with 
the  summations  truncated  is 

(N'2)  =  G2<j2r(\  -  2u2TS)  -  2GB {(T Q'  )/T) 
(-1  +  U<jt)  +  2GC{(T'Q')/(T2))[-\ 
+  (1  +2t/)ar]  +  B2(Q'2)-(2BC/{T))(Q'2) 
■  (1  -  VoT)  +  (C2/T2)(Q'2)(\  -2V<jT+R2o2T) 

(A4) 

where 

<tt=(T'2),/2/(T) 

s=  <r3)/<r2)3/2 

V=(T'Q'2)/((r2)W2(Q'2)) 

R^(T'Q')/((T'2)(Q'2))W2 

U=  (T'2Q')/((T'Q')(T'2)'/2) 

Values  of  S  given  by  Tillman  [1972]  from  atmos- 
pheric surface  layer  data  lie  between  0.1  and  1.2 
depending  on  stability.  Values  of  the  temperature- 
humidity  correlation  coefficient  R  are  given  by 
Wyngaard  et  al.  [1978]  for  the  boundary  layer  over 
water,  and  R  may  be  deduced  from  the  data  reported 
by  Friehe  et  al.  [  1975] .  These  values  of  R  are  found 
to  extend  from  —1.0  to  1.0.  Since  temperature  and 
humidity  are  often  well  correlated,  the  statistic  V 
is  expected  to  have  an  absolute  magnitude  close 
to  that  of  the  temperature  skewness  S,  or  smaller. 
Unfortunately,  neither  V  nor  U  has  been  deduced 
from  data.  It  is  speculated  that  the  absolute  magni- 
tude of  U  is  of  order  unity.  However,  U  may  tend 
to  infinity  if  (T'Q')  tends  to  zero  but  (T'2Q') 
does  not;  it  is  assumed  that  this  would  be  a  rare 
occurrence  and  is  neglected.  Therefore,  it  is  as- 
sumed that  S,  V,  R,  and  U  have  absolute  magnitudes 
of  order  unity  or  smaller.  In  this  case  the  first 
and  last  terms  in  (A4)  contain  higher-order  terms 
which  are  of  order  (t2t.  From  the  estimate  (A2), 
o>  is  10-5  to  10-7;  thus  these  higher-order  terms 
are  negligible.  The  second,  third,  fifth,  and  sixth 
terms  in  (A4)  contain  higher-order  terms  that  are 
of  the  order  of  <rr .  From  the  estimate  (A2)  these 
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higher-order  terms  may  be  neglected  to  within  an 
accuracy  of  a  few  tenths  of  one  percent. 
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Models  of  the  scalar  spectrum  for 
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Several  models  are  developed  for  the  high-wavenumber  portion  of  the  spectral  transfer 
function  of  scalar  quantities  advected  by  high-Reynolds-number,  locally  isotropic 
turbulent  flow.  These  models  are  applicable  for  arbitrary  Prandtl  or  Schmidt  number, 
v/D,  and  the  resultant  scalar  spectra  are  compared  with  several  experiments  having 
different  v/D.  The  'bump'  in  the  temperature  spectrum  of  air  observed  over  land  is 
shown  to  be  due  to  a  tendency  toward  a  viscous-con vective  range  and  the  presence  of 
this  bump  is  consistent  with  experiments  for  large  v/D.  The  wavenumbers  defining 
the  transition  between  the  inertial-convective  range  and  viscous-con  vective  range  for 
asymptotically  large  v/D  (denoted  k*  and  k*  for  the  three-  and  one-dimensional  spectra) 
are  determined  by  comparison  of  the  models  with  experiments.  A  measurement  of  the 
transitional  wavenumber  kf  [denoted  (fc*)meas]  is  found  to  depend  on  v/D  and  on  any 
filter  cut-off.  On  the  basis  of  the  k*  values  it  is  shown  that  measurements  of  fix  from 
temperature  spectra  in  moderate  Reynolds  number  turbulence  in  air  (v/D  —  0-72) 
maybe  over-estimates  and  that  the  inertial-diffusive  range  of  temperature  fluctuations 
in  mercury  (v/D  ~  0-02)  is  of  very  limited  extent. 


1.  Introduction 

Knowledge  of  the  spatial  power  spectra  of  temperature  and  humidity  fluctuations 
in  turbulent  flow  is  needed  in  treating  the  propagation  and  scattering  of  sound,  optical, 
and  radio  frequency  waves.  The  importance  of  such  scalar  fluctuations  lies  in  their 
influence  on  the  refractive  index  fluctuations  in  turbulent  media.  Four  models  of  the 
scalar  spectrum  are  developed  for  arbitrary  Prandtl  or  Schmidt  numbers;  these  models 
are  applicable  to  high  Reynolds  number  flows.  The  models  give  a  unified  treatment  of 
scalar  spectra  for  arbitrary  Prandtl  or  Schmidt  numbers;  therefore,  fitting  the  models 
to  existing  data  allows  one  to  predict  the  shape  of  scalar  spectra  that  have  not  been 
measured,  an  example  being  the  humidity  spectrum  at  wavenumbers  higher 
than  can  be  observed  by  present  techniques.  The  models  are  presented  in  §4  after 
reviewing  the  observational  data  and  previous  models  of  the  scalar  spectrum . 

The  three-dimensional  scalar  spectrum  T(k,  t)  and  its  one-dimensional  counterpart 
^(k^,  t)  are  herein  normalized  so  that  they  are  the  spectral  budgets  of  the  mean- 
squared  scalar  fluctuation: 


<w2>  =  (mr(k,t)dk=  \Y(k1,t)dk1, 

Jo  Jo 
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where  n  is  the  fluctuation  in  the  concentration  or  temperature.  Assuming  isotropy, 
the  diffusive  dissipation  rate  x  of  the  mean-squared  fluctuations  is  then  given  by 

X  =  2D\     k%T{k,t)dk  =  6D  f"'  klY{kvt)dkv  (1) 

Jo  Jo 

where  D  is  the  diffusivity.  The  relationship  between  F(k,  t)  and  T^,  t)  is  given  by 

w(kvt)^r^M.dk.  (2) 

There  are  several  possible  wavenumber  ranges  for  the  scalar  spectrum  depending 
on  the  ratio  v/D  (v  being  the  kinematic  viscosity)  which  is  the  Prandtl  number  Pr  for 
temperature,  or  the  Schmidt  number  Sc  for  molecular  species.  The  terminology  for 
these  wavenumber  ranges  depends  first  on  whether  the  wavenumber  lies  in  the  inertial 
or  viscous  range  of  the  energy  spectrum  and  second  on  whether  the  wavenumber  lies 
in  the  convective  or  diffusive  range  of  the  scalar  spectrum.  For  v  >  D  there  may  exist 
an  inertial-convective  range,  a  viscous-convective  range,  and  a  viscous-diffusive 
range.  For  v  <^  D  the  important  wavenumber  ranges  are  the  inertial-convective  and 
inertial-diffusive  ranges. 

For  the  scalar  field  the  set  of  similarity  parameters  is  x>  e,  v>  A  and  the  wavenumber 
k  (Gibson  1968),  where  e  is  the  rate  of  viscous  dissipation  of  turbulent  kinetic  energy 
per  unit  mass  of  fluid.  Three  useful  scaling  wavenumbers  may  be  constructed  from  this 
set  of  parameters : 

kd=(e/v*)i,     kb=(e/vD^%     kc=(e/D*)l; 

these  are  the  Kolmogorov,  Batchelor,  and  Corrsin  wavenumbers,  respectively.  It  was 
Batchelor  (1959)  who  clarified  the  fact  that  kb  and  kc  parameterize  the  rapid  decrease 
in  the  scalar  spectrum  due  to  diffusion  for  the  cases  v  >  D  and  v  <^D,  respectively.  It  is 
useful  to  denote  by  kL  a  wavenumber  that  is  characteristic  of  the  wavenumbers  at 
which  the  turbulence  contains  most  of  its  energy  and  at  which  the  scalar  field  contains 
most  of  its  mean-squared  fluctuation.  The  similarity  parameters  may  be  rearranged  by 
forming  two  non-dimensional  parameters,  v/D  and  k/kd,  to  give  the  set  x,  £>  v,  v/D,  and 
k/kd.  Dimensional  analysis  then  gives  (Boston  &  Burling  1972;  Gibson  1968) 

r(k)  =  Xe-^H(v/D,k/kd),     k>kL,  (3) 

where  H  is  a  non-dimensional  function.  The  use  of  v  rather  than  D  as  a  scaling  para- 
meter, or  the  use  of  kd  to  scale  the  wavenumber  rather  than  kb  or  kc,  is  arbitrary  owing 
to  the  existence  of  the  non-dimensional  parameter  v/D. 

The  dimensional  analysis  for  the  inertial-convective  range  does  not  include  the 
parameters  v  or  D  as  dissipation  is  not  an  important  process  for  this  range.  The  results 
of  Oboukhov  (1949)  and  Corrsin  (1951)  for  the  inertial-convective  scalar  spectrum 
show  that 

T{k)  =  fixe~^k-%     for     kL  <^  k  <^  smaller  of  kd  and  kc,  (4) 

where  /?  is  a  non-dimensional  constant  which  we  call  the  Oboukhov-Corrsin  constant. 
The  requirement  that  k  be  much  smaller  than  either  kd  or  kc  merely  limits  the  inertial- 
convective  range  to  wavenumbers  below  those  at  which  viscosity  or  diffusion  is 
important. 

A  unified  treatment  of  the  viscous-convective  and  viscous-diffusive  ranges  is  given 
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by  Batchelor  (1959).  His  theory  assumes  that,  at  viscous-range  length  scales,  the 
velocity  field  has  spatial  variation  that  is  smooth  relative  to  the  spatial  variation  of  a 
scalar  having  D  <  v.  Batchelor  shows  that  the  local  gradients  of  the  scalar  become 
aligned  with  the  local  axis  of  the  least  principal  rate  of  strain  and  that  the  local 
gradients  increase  because  of  the  straining  while  the  amplitude  of  the  fluctuation  is 
decreased  by  diffusion.  The  typical  time  for  a  change  in  magnitude  of  the  local  rate  of 
strain  or  for  a  rotation  of  the  local  principal  axes  of  the  rate-of-strain  tensor  relative  to 
the  fluid  is  assumed  to  be  long  compared  with  the  lifetime  of  a  given  scalar  fluctuation. 
Thus  the  velocity  field  is  considered  as  a  temporally  persistent  and  spatially  uniform 
straining  describable  by  a  single  effective  least  principal  rate  of  strain  y .  The  deduction 
for  the  scalar  spectrum  in  the  viscous-convective  and  viscous-diffusive  ranges  is 

r(A)  =  -^y-1*-1exp(Z>ifca/7)     for     k  ^  kd.  (5) 

Batchelor  estimates  the  parameter  y  as  —  0-5(e/j>)£  in  which  case  the  argument  of  the 
exponent  in  (5)  is  —  2(k/kb)2.  If  k  <|  kb  then  the  exponential  in  (5)  is  nearly  unity  and 
the  viscous-convective  spectrum  becomes 

V(k)  =  -xy^k'1     for     kd  <  k  «e  kb.  (6) 

Equation  (6)  may  be  obtained  by  dimensional  analysis  with  parameters  v,  y,  and  k. 

Kraichnan  (1968)  has  estimated  the  effect  of  allowing  y  to  have  large  but  infrequent 
local  deviations  from  its  usual  value.  The  result  of  such  spatial  fluctuations  in  y  is  that 
the  k~x  viscous-convective  power  law  is  unchanged  but  the  viscous-diffusive  range 
decreases  more  gently  than  the  Gaussian  decrease  predicted  by  Batchelor.  Kraichnan 
found  that  the  viscous-diffusive  range  was  dominated  by  the  infrequent  occurrences  of 
the  very  large  values  of  y,  but  the  viscous-convective  range  was  dominated  by  the 
typical  occurrence  of  the  moderate  values  of  y. 

For  the  inertial-diffusive  range  Batchelor,  Howells  &  Townsend  (1959)  hypothesize 
that  the  dominant  contributions  to  Y{k)  at  wavenumber  k  are  due  to  motions  of  the 
fluid  with  a  scale  size  of  k~l  acting  on  gradients  in  the  scalar  concentration  that  are 
nearly  spatially  uniform  owing  to  the  action  of  diffusion.  Since  most  of  the  diffusive 
dissipation  of  the  scalar  spectrum  occurs  in  the  lowest  wavenumber  region  of  the 
inertial-diffusive  range,  Batchelor  et  al.  (1959)  set  these  gradients  equal  to  the  root- 
mean-square  gradient  of  the  scalar  fluctuations.  Their  prediction  is  given  by: 

r(&)  =  ia^eiD-3*;-^    for    kc  <  k  4  kd,  (7) 

where  a  is  the  Kolmogorov  constant.  An  alternative  theory  for  the  inertial-diffusive 
range  by  Gibson  (1968)  gives  T(A;)oc  k~3. 


2.  Observations  of  the  scalar  spectrum 

The  k~%  power  law  in  the  inertial-convective  range  is  observed  in  a  number  of  experi- 
ments: sodium  chloride  and  temperature  fluctuations  in  water  by  Gibson  &  Schwarz 
(1963);  temperature  fluctuations  in  water  by  Grant  et  al.  (1968);  ammonium  acetate 
solute  in  water  by  Gibson,  Lyon  &  Hirshsohn  (1970a);  temperature  fluctuations  in  the 
atmospheric  boundary  layer  by  Pond  et  al.  (1966),  Gibson,  Stegen  &  Williams  (19706), 
Boston  &  Burling  (1972),  Williams  &  Paulson  (1977),  and  Champagne  et  al.  (1977). 
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The  &_1  power  law  in  the  viscous-convective  range  is  strikingly  verified  by  Grant 
et  al.  (1968)  from  temperature  fluctuations  in  the  ocean  and  by  Gibson  et  al.  (1970a) 
from  ammonium  acetate  fluctuations  (Sc  >  1).  The  A;-1  behaviour  is  also  observed  in 
the  temperature  (Pr  ~  7)  and  sodium  chloride  (Sc  ~  700)  fluctuations  in  water  as 
measured  by  Gibson  &  Schwarz  (1963),  and  in  the  measurements  of  dye  fluctuations  in 
water  (Sc  ~  2  x  104)  by  Nye  &  Brodkey  (1967)  and  by  McKelvey  et  al.  (1975).  No 
inertial-convective  range  was  expected  or  observed  in  these  latter  two  experiments. 

There  are  very  few  measurements  of  scalar  spectra  for  which  the  Prandtl  or  Schmidt 
number  is  small  compared  with  unity.  Measurement  of  the  temperature  spectrum  in 
mercury  (Pr  ~  0-02)  was  undertaken  by  Clay  (1973)  and  by  Rust  &  Sesonske  (1966). 
Experiments  have  been  performed  on  turbulent  flow  in  weakly  ionized  argon  gas 
(Sc  ~  0-07)  passing  through  a  discharge  tube  (Granatstein,  Levine  &  Subramanian 
1971;  Garosi,  Bekefi  &  Schulz  1970;  Kuyel  &  Gruber  1973).  Unfortunately  these  flows 
are  at  low  Reynolds  numbers;  there  are  strong  fluctuations  in  the  neutral -gas  tempera- 
ture, and  the  velocity  and  ionization  distributions  are  strongly  inhomogeneous  with 
thrashing  of  the  plasma  column  observed.  Thus,  interpretation  of  the  experiments  in 
terms  of  local  similarity  theory  appears  impossible.  Nevertheless,  Bugnolo  (1972)  uses 
a  Heisenberg  model  to  describe  the  ionization-concentration  spectrum.  The  effects  that 
Bugnolo  (1972)  identifies  as  inertial-diffusive  behaviour  are  shown  by  Kuyel  &  Gruber 
(1973)  to  be  due  to  strong  fluctuations  in  the  density  of  the  neutral  gas. 

In  conclusion,  the  k~§  inertial-convective  law  and  the  k'1  viscous-convective  law 
appear  well  supported.  Moreover,  the  scaling  expressed  by  (3)  appears  adequate  in 
those  cases  in  which  it  has  been  tested.  Unfortunately  the  diffusive  ranges  have  not 
been  adequately  resolved  except  in  the  case  of  temperature  fluctuations  in  air 
(Pr  ~  0-72)  and  in  mercury  (Pr  ~  0-02). 

The  value  of  the  Oboukhov-Corrsin  constant  /?,  which  appears  in  (4),  may  be  obtained 
from  one-dimensional  temperature  spectra  when  an  inertial-convective  range  is  in 
evidence,  and  by  indirect  estimates,  which  are  summarized  by  Paquin  &  Pond  (1971). 
In  an  inertial-convective  range  the  one-dimensional  temperature  spectrum  has  the 
same  form  as  the  three-dimensional  temperature  spectrum  in  (4)  with  /?  replaced  by  a 
different  constant  fix\  isotropy  implies  /?  =  |/?x.  The  indirect  estimates  of  /?x  reviewed 
by  Paquin  &  Pond  (1971)  indicate  a  value  of  about  0-38.  The  values  of  /3t  determined 
from  observation  of  an  inertial-convective  range  are  as  follows:  Gibson  &  Schwarz 
(1963),  0-35;  Grant  et  al.  (1968),  0-31  ±  0-06;  Lin  &  Lin  (1973),  0-6  ±  0-06;  Williams  & 
Paulson  (1977)  data,  0-50  ±0-02;  Champagne  et  al.  (1977),  0-41;  Boston  &  Burling 
(1972),  0-76  +  0-02;f  Gibson  et  al.  (19706),  1-16  and  Clay  (1973)  obtained 

/?x  =  0-55  ±  0-05,     0-56  ±0-02     and     0-52  ±0-13 

from  temperature  spectra  in  water,  air,  and  mercury.  The  data  of  Gibson  et  al.  (19706) 
and  Boston  &  Burling  (1972)  were  obtained  in  the  boundary  layer  over  the  ocean  and 
a  tidal  flat,  respectively.  Recently,  it  has  been  shown  by  Schmitt,  Friehe  &  Gibson 
(1978)  that  contamination  of  the  fluctuating  temperature  signal  can  occur  by  salt 
spray  depositing  on  resistance  wire  sensors.  The  contaminated  sensors  then  respond  to 
humidity  as  well  as  temperature  fluctuations.  This  contamination  is  present  in  the 

t  We  obtain  /?,  —  0-76  by  rescaling  the  Boston  &  Burling  (1972)  data  so  that  the  area  under  the 
scaled  dissipation  spectrum  is  \Pr  where  Pr  =  0-72. 
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Gibson  et  al.  (19706)  data  (C.  A.Friehe,  private  communication),  and  may  therefore 
explain  their  large  /?x  value  (Schmitt  et  al.  1978). 

The  /?!  determinations  by  Boston  &  Burling  (1972),  Williams  &  Paulson  (1977),  and 
Champagne  et  al.  (1977)  used  a  scalar  dissipation  rate  determined  by  integrating  the 
dissipation  spectrum.  The  temperature  spectral  shapes  found  by  Williams  &  Paulson 
and  by  Champagne  et  al.  are  in  good  agreement  with  each  other  and  show  a  '  bump '  at 
high  wavenumbers.  This  bump  also  appears  in  the  high-Reynolds-number  air-jet  data 
obtained  by  McConnell  (1976).  Such  a  bump  is  not  evident  in  the  Boston  &  Burling  data, 
and  the  reasons  for  the  discrepancy  between  their  measurements  and  those  of  Williams 
&  Paulson  and  of  Champagne  et  al.  are  not  clear.  If  the  data  of  Gibson  et  al.  (19706)  and 
Boston  &  Burling  (1972)  are  excluded  because  of  the  salt-spray  contamination 
problem,  then  the  bump  in  the  temperature  spectrum  in  air  appears  to  be  a  consistently 
observed  feature  for  high-Reynolds-number  turbulence. 

The  existence  of  the  bump  implies  that/?!  should  be  determined  from  spectral  values 
at  wavenumbers  such  that  k/kd  <  0-03.  A  determination  of  [Sx  from  temperature 
spectra  in  air  obtained  at  moderate  Reynolds  numbers  may  have  a  substantial  contri- 
bution from  the  bump  if  portions  of  the  spectrum  at  k/kd  >  0-03  are  used;  such  a 
determination  of  (5X  is  a  misinterpretation  of  the  data.  Thus  the  /?x  value  of  0-6  ±  0-06 
determined  from  moderate  Reynolds  number  turbulence  by  Lin  &  Lin  (1973)  is  in 
better  agreement  with  the  fix  values  found  by  Champagne  et  al.  (1977)  and  Williams  & 
Paulson  (1977)  than  is  at  first  apparent.  The  existing  data  now  seem  sufficiently 
consistent  that  we  should  recommend  that  (3X  be  considered  to  lie  between  0-41  and 
0-50,  which  is  based  mainly  on  the  determinations  by  Champagne  et  al.  (1977)  and  by 
Williams  &  Paulson  (1977). 


3.  Previous  models  of  scalar  spectral  transfer 

The  simplest  case  of  an  advected  scalar  is  the  conserved  passive  scalar  that  has  the 
following  continuity  equation : 

8N 
ot 

The  equation  for  the  scalar  spectrum  that  follows  from  this  continuity  equation  is 

8T(k,t) 


dt 


T{k,t)  =  -2Dk2T(k,t), 


where  T(k,  t)  is  the  scalar  spectral  transfer  function.  The  fact  that  one  equation  in  two 
unknowns  results  is  the  closure  problem  due  to  the  coupling  of  the  continuity  equation 
to  the  nonlinear  Navier-Stokes  equations.  To  avoid  the  closure  problem  a  model  for 
T(k,t)  is  used. 

In  this  section  we  consider  models  of  the  scalar  spectral  transfer  function  T(k),  in 
particular,  those  developed  by  Corrsin  (1964),  Pao  (1964,  1965),  Leith  (1968),  and 
Kraichnan  (1968).  It  is  useful  to  introduce  the  scalar  spectral  flux  function  F(k),  which 
is  defined  by 
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Thus,  in  the  steady-state  case  the  scalar  spectrum  satisfies 

dF(k) 


8k 


=  -2Dk*T{k).  (8) 


In  the  steady  state  F(k)  =  v  if  k  lies  in  a  convective  range. 

Corrsin  (1964,  1961)  generalized  an  energy  cascading  concept,  which  was  originated 
by  Onsager  (1949),  to  the  case  of  turbulently  advected  scalars.  The  model  consists  of 
writing  the  spectral  flux  function  in  the  form 

F{k)  =  s{k)T{k).  (9) 

Corrsin  (1964)  took  s(k)  as  k/r(k),  where  T(k)  is  a  time  scale  obtained  by  dimensional 
analysis  using  the  parameters  k  and  E(k);  he  then  used  Kolmogorov's  inertial  range 
form  for  E{k).  Corrsin  (1964)  has  also  shown  that  if  r(k)  =  —  y~x,  where  y  is  an  effective 
rate  of  strain,  then  one  obtains  (5)  and  (6)  for  the  viscous-con vective  and  viscous- 
diffusive  ranges  of  Batchelor  (1959). 

Pao  (1964,  1965)  proposed  that  the  scalar  flux  F(k)  is  due  to  a  continuous  cascading 
in  wavenumber  space  rather  than  as  a  geometrical  progression  as  proposed  by  Onsager. 
Pao  obtained  s(k)  in  the  inertial-convective  and  inertial-diffusive  ranges  by  dimen- 
sional analysis  using  the  parameters  e  and  k,  and  in  the  viscous-con  vective  and  viscous- 
diffusive  ranges  using  the  parameters  y  and  k,  where  y  is  an  effective  rate  of  strain. 
Pao  ( 1 964)  showed  that  the  dimensional  result  in  the  viscous  range,  namely  s(k)  =  —  yk, 
is  identical  with  the  theory  by  Batchelor  (1959).  However,  Pao  (1965)  has  assumed  that 
the  inertial-range  form  of  s(k)  is  valid  even  for  k  >  kd  when  v  >  D;  this  assumption 
contradicts  the  results  of  Batchelor  (1959)  for  the  viscous-con  vective  and  viscous- 
diffusive  ranges,  and  is  also  inconsistent  with  the  experimental  evidence  of  Grant  et  al. 
(1968). 

Using  the  Pao  (1964)  model  for  the  flux  function  (8)  becomes 

»(*)r(t)--«wrM.  (io.) 

where  s(k)  =  /Hrffct     for     k  <£  kd,  (106) 

s(k)  =  lyk  for    k  >  kd,  (10c) 

and  I  is  a  non-dimensional  negative  constant. 
The  solutions  to  (10a)  are 

r(*)  =  ^/?e-*fc-*exp[-(3/?/2)(V*c)*].     *  «  **  C1*) 

and  T(k)<x:k^exp[-(D/ly)k%  k$>kd,  (12) 

where  (4)  is  the  boundary  condition  used  to  determine  the  proportionality  constant 
in  (11).  In  the  inertial-convective  range  k  <^  kc  and  (11)  gives  the  k~$  power  law.  For 
D  >  v  the  exponential  in  ( 1 1 )  causes  the  scalar  spectrum  to  decrease  rapidly  for  k  >  kc. 
Thus  the  decrease  of  the  scalar  spectrum  in  the  inertial-diffusive  range  is  given  as  an 
exponential  of  the  four-thirds  power  of  the  wavenumber,  which  is  more  rapidly 
decreasing  than  the  k~¥-  variation  predicted  by  Batchelor  et  al.  (1959)  for  the  inertial- 
diffusive  range.  For  D  -4  v  it  follows  that  kc  >  kd,  and  therefore  the  exponential  in 
(11)  is  close  to  unity  over  the  entire  inertial-convective  range.  With  I  =  —  1  (12)  is 


582 


The  scalar  spectrum  for  turbulent  advection  547 

identical  with  Batchelor's  theory  as  expressed  in  (5).  Unfortunately  there  is  no  con- 
nexion between  the  inertial -range  and  viscous-range  forms  for  s(k)  in  the  Corrsin-Pao 
model. 

A  model  called  the  diffusion  approximation  has  been  developed  by  Leith  (1968)  for 
a  scalar  field  advected  by  turbulence.  This  model  consists  of  a  spectral  flux  function  of 
the  form 

F—D-ik-  <i3> 

The  product  DSQS  is  obtained  by  dimensional  analysis  with  the  parameters  T(k), 
E(k)  and  k. 

Leith  invokes  the  equilibrium  solution  of  Lee  (1952)  in  order  to  obtain  Ds  and  Qs 
from  their  product.  The  Lee  equilibrium  solution  applies  to  non-dissipative  systems 
that  have  a  truncation  in  wave  vector  space  so  that  there  is  a  maximum  wavenumber 
allowed.  With  no  dissipation  and  no  spectral  transfer  beyond  the  maximum  wave- 
number,  the  spectrum  increases  as  k2  in  order  that  the  spectral  transfer  from  lower  to 
higher  wavenumbers  shall  be  balanced  by  transfer  from  high  to  low  wavenumbers. 
The  relevance  of  truncating  wave  vector  space  in  the  absence  of  dissipation  is  obscure. 
Thus  the  relevance  of  the  requirement  that  T(k)  should  be  proportional  to  k2  in  the 
absence  of  diffusive  dissipation  in  unclear.  With  the  assertion  that  F(k)cc  k2  if  D  =  0, 
the  analysis  by  Leith  yields 

Dscc  k¥E(k)i, 

Qs  =  k-2T(k). 

In  the  inertial  range  Leith  adopts  the  inertial-range  form  of  the  energy  spectrum . 
The  resulting  steady-state  solutions  for  the  diffusion  approximation  are  found  by 
Leith  to  be  modified  Bessel  functions.  These  solutions  behave  as  k~%  in  the  inertial- 
convective  range  and  decrease  more  slowly  in  the  inertial-diffusive  range  than  does 
the  Corrsin-Pao  model.  However,  for  sufficiently  large  k  in  the  inertial-diffusive  range 
the  solutions  of  the  diffusion  approximation  decrease  faster  than  any  negative  power 
of  the  wavenumber.  In  particular  the  solutions  of  the  diffusion  approximation  decrease 
faster,  at  sufficiently  large  k,  than  the  k~^  variation  predicted  by  Batchelor  et  al.  ( 1 959) . 

Unfortunately,  the  diffusion  approximation  does  not  represent  T(k)  well  in  the 
viscous  ranges.  It  may  be  shown  that  the  diffusion  approximation  is  inconsistent  with 
a  power  law  variation  of  T(k)  if  E{k)  is  decreasing  faster  than  a  power  of  k.  For 
increasing  k,  the  decrease  in  E(k)  in  the  viscous  range  causes  a  decrease  in  the  diffusion 
approximation  for  scalar  flux  F(k);  consequently  r{k),  as  predicted  by  the  diffusion 
approximation,  increases  markedly  in  the  viscous-convective  range  for  large  Pr  or  Sc. 
It  is  concluded  that  the  usefulness  of  the  diffusion  approximation  is  restricted  to  Pr 
or  Sc  less  than  unity. 

A  model  of  the  scalar  spectral  transfer  function  for  the  viscous-convective  and 
viscous-diffusive  ranges  of  a  scalar  satisfying  Pr  or  Sc  >  1  is  given  by  Kraichnan 
(1968).  The  spectral  flux  function  for  Kraichnan's  model  is  given  by 

F(k)  =  ±k*£k[k-2r(k)i  (i*) 

where  A  is  independent  of  wavenumber. 
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For  Kraichnan's  model  the  solution  in  the  steady  state  is  given  by  Mjolsness  ( 1 975)  as 

T(k)  =  5(X/A)k-1(l+p)exp(-p),  (15) 

where  p  as  (30D/A)*  k. 

If  p  <^  1,  then  (15)  gives  T{k)azk~1,  which  is  the  viscous-convective  dependence 
predicted  by  Batchelor  (1959).  In  the  viscous-diffusive  range  we  have  p  >  1  and  (15) 
gives  r(&)oc  exp  (  —  p) ;  this  exponential  decrease  of  the  scalar  spectrum  in  the  viscous- 
diffusive  range  is  much  more  gradual  than  that  in  (5). 


4.  Models  of  the  scalar  spectrum  for  arbitrary  v/D 

In  this  section  we  describe  four  models  of  the  scalar  spectral  transfer  function  F(k). 
We  seek  simple  models  that  are  capable  of  quantitatively  describing  the  entire  high- 
wavenumber  portion  of  the  scalar  spectrum  for  arbitrary  v/D.  Recognizing  that  such 
models  are  basically  speculative,  we  desire  to  keep  the  models  as  simple  as  possible.  In 
particular,  the  scalar  spectral  transfer  function  T(k)  shall  not  contain  the  energy 
spectrum  E(k)  because  the  shape  of  the  energy  spectrum  is  not  known  in  detail  in  the 
viscous  range.  Furthermore,  we  require  that  the  models  have  empirical  support;  that 
is,  their  predictions  must  adequately  agree  with  available  experiments.  All  of  the 
models  described  have  the  k~§  inertial-convective  and  k~x  viscous-convective 
behaviours;  the  models  differ  mainly  in  their  predictions  for  the  diffusive  ranges  and 
for  the  transition  between  the  inertial-convective  and  viscous-convective  ranges. 
These  models  are  generalizations  of  the  Corrsin-Pao  model  and  of  the  models  of  Leith 
and  Kraichnan,  which  are  reviewed  in  the  previous  section. 

For  large  Prandtl  or  Schmidt  number  the  scalar  spectrum  makes  a  transition  from 
a  —  §  power  law  in  the  inertial-convective  range  to  a  —  1  power  law  in  the  viscous- 
convective  range;  the  average  of  these  exponents  is  —  f .  We  locate  the  transition 
between  these  two  ranges  by  the  transitional  wavenumber  k* .  Specifically,  we  define  k* 
as  the  wavenumber  between  the  inertial-convective  and  viscous-convective  ranges  at 

which  ainrw  ,      n 

-f     for     D^v.  (16) 


8\nk 


k=k* 


Although  A;*  is  defined  in  (16)  only  for  D  <^  v,  the  models  that  follow  give  k*  significance 
even  for  D  >  v.  In  the  model  spectra  for  D  >  v,  k*  is  a  wavenumber  at  which  a  transition 
occurs  between  an  inertial-diffusive  range  at  wavenumbers  lower  than  k*  and  a 
viscous-diffusive  range  at  higher  wavenumbers.  The  one-dimensional  scalar  spectrum 
^{k^  also  makes  a  transition  between  the  inertial-convective  and  viscous-convective 
range  for  D  <  v;  we  define  this  second  transitional  wavenumber  k*  by 


ainT(Jfcx) 


dink! 


=  -f     for     D^v.  (17) 

kt=kl 


We  anticipate  that  k*  and  k*  are  not  equal  and  that  k$  <  k*.  If  a  simple  model  having 
F(k)oc  fc-t  for  k  <  k*  and  T{k)oc  Ar1  for  k  >  k*  is  substituted  into  (2)  and  (17)  then  k* 
is  found  to  be  roughly  twice  as  large  as  kf.  The  ratio  k*/k%  is  found  on  the  basis  of  a 
model  in  §  5.3.  Moreover,  if  k*/kd  is  a  constant  then  k*/kd  is  expected  to  be  a  function 
of  v/D. 
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The  results  of  the  following  analysis  are  expressed  using  Kolmogorov  scaling  for 
Y(k)  and  *F(&),  that  is,  the  following  non-dimensional  scalar  spectra  are  used: 

fyfe)H^r(*). 

A 

4.1.  Model  1 

The  first  model  is  an  extension  to  the  case  of  scalar  advection  of  the  model  for  energy 
transfer  developed  by  Lin  (1972).  Two  time  scales  are  defined  as  follows: 

Tl  =  e-lk-i,    T2  =  Q(v/e)i.  (18) 

The  time  scale  t1  exceeds  t2  in  the  inertial  range  whereas  the  opposite  is  true  in  the 
viscous  range.  The  non-dimensional  constant  Q  is  a  free  parameter  to  be  determined 
by  comparison  with  experiment. 

The  Corrsin-Pao  model  is  used  by  taking  the  function  s(k)  in  (9)  to  be 

s(k)  - 


Tl +  T2 


This  form  satisfies  the  requirement  that  s(k)  r(k)  ->  v  in  the  inertial-convective  range 
when  (4)  is  used  for  r{k).  A  non-dimensional  wavenumber  y  is  defined  as  y  =  Q%k/kd. 
From  (10a)  the  equation  for  the  scalar  spectrum  is 

where  A  =  /3Q-2Pr~l. 

This  equation  is  solved  subject  to  (1)  and  yields  the  following  Kolmogorov-scaled 
spectrum:  a 

T(y)  =  PQ%y-Hl+y$)exV[-A(§yi  +  y*)]. 

In  the  inertial-convective  range  this  solution  reduces  to  (4).  In  the  limit  .4  <t  1  and 
y  >  1  the  solution  reduces  to  (5)  which  is  the  viscous-convective  and  viscous- diffusive 
form  predicted  by  Batchelor  (1959)  with  the  least  principal  rate-of-strain  parameter 
given  by  y  —  —  (Q/?)_1  (e/v)i.  The  inertial-diffusive  range  is  characterized  by  Ay$  >  1 
and  y  <  1  in  which  case  the  above  solution  reduces  to  (11),  which  is  the  prediction  of 
the  Corrsin-Pao  model  for  the  inertial-diffusive  range. 

4.2.  Model  2 

This  model  is  an  extension  of  the  Corrsin-Pao  model  in  which  it  is  required  that  s(k) 
and  d\ns(k)/dln k  make  a  smooth  transition  between  their  inertial-convective  and 
viscous-convective  forms.  The  transition  is  located  at  the  transitional  wavenumber  k* , 
as  defined  in  (16).  The  hyperbolic  tangent  is  used  to  give  the  smooth  transition  in  the 
above  derivative  of  s(k)  and  a  parameter  a  is  introduced  which  governs  the  width  of 
the  transition.  It  is  assumed  that 

d\ns(k)      .      lrj      ,      .  ,     ... 
-^jr-  =  t-i[l+tanh(a2*)], 
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where  z"  =  In  (k/k*).  Integrating  this  equation  and  requiring  that  s{k)  T(k)  =  #  in  the 
inertial-convective  range  yields 

s(k)  =  /3-1elki[{k/k*)2a+  1]-W3a). 

This  s(k)  has  the  form  of  (106,  c)  for  k  <^  k*  and  k  >  k*,  respectively.  Model  1  is  just  a 
special  case  of  this  model  with  a  =  \. 

The  scalar  spectrum  is  the  solution  of  (10a)  using  the  above  s{k).  The  solution  is 
given  in  terms  of  the  Kolmogorov-scaled  spectrum  T  as 

In  [p-x(k* /kd)$  f(k)]  =  -  fz*  +^-ln  [2  cosh  (az*)] 

-  2fi(k*/kd)i Pr-1  f *    exp  (5u;/3)  [2  cosh  {aw^'^dw.    (19) 

J  —oo 

The  above  scalar  spectrum  has  two  free  parameters  to  be  determined  by  comparison 
with  experiment:  k*/kd locates  the  transition  between  inertial-convective  and  viscous- 
con  vective  ranges,  and  a  determines  the  width  of  the  transition.  This  model  will  be 
successful  in  predicting  scalar  spectra  for  arbitrary  v/D  only  if  the  same  values  of 
(k*/kd)  and  a  apply  for  all  v/D.  For  z*  <  —  1  the  integral  above  may  be  approximated 
by  f  exp  (f  z*).  The  appearance  of  the  Prandtl  number  in  the  last  term  shows  that  this 
term  describes  the  decrease  of  the  spectrum  in  the  diffusive  ranges.  For  k  <^  k*,  (19) 
reduces  to  (11),  the  exponential  in  (11)  being  significant  only  for  D  >  v.  Thus  (19) 
yields  the  inertial-convective  and  inertial-diffusive  predictions  of  the  Corrsin-Pao 
model.  For  k  >  k*,  (19)  becomes  proportional  to  the  spectrum  in  (5);  for  D  <  v  the 
proportionality  becomes  an  equality  with 

y  =  -fi-Hk*/kd)i(e/v)i. 

Thus  the  viscous-convective  and  viscous-diffusive  ranges  predicted  by  Batchelor 
(1959)  result  from  this  model. 

4.3.  Model  3 

The  third  model  is  different  from  the  first  two  in  that  it  is  a  diffusion  model  based  on 
a  spectral  flux  function  having  the  form  of  (13)  with  Qs(k)  —  &-2r(fc).  This  model 
derives  from  the  inertial -range  form  of  Leith's  diffusion  approximation  and  from  the 
viscous-range  form  of  Kraichnan's  flux  function.  The  procedure  introduced  by  Lin 
(1972)  is  now  used  to  assert  that  the  form  of  Ds(k)  at  all  high  wavenumbers  is  obtained 
by  dimensional  analysis  using  the  wavenumber  and  (tx  +  t2)  from  (18).  The  parametric 
wavenumber  k*  =  kdQ~%  is  introduced  and  the  flux  function  in  (13)  is  required  to 
satisfy  F{k)  =  x  for  wavenumbers  in  the  inertial-convective  range;  the  resulting 
Ds{k)  is  jrj, 

The  wavenumber  ¥  should  not  be  confused  with  the  transitional  wavenumber  k*  which 
is  defined  by  (16).  In  terms  of  the  non-dimensional  wavenumber  y  =  k/k%  the  equation 
for  the  scalar  spectrum  is 
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This  equation  has  one  free  parameter,  namely  k*/kd,  which  is  to  be  chosen  by  com- 
parison with  experiment. 

For  k  <|  ks,  D8(k)  oc  e^kft,  which  is  the  inertial -range  form  of  Ds(k)  given  by  Leith 
(1968),  and  this  model  gives  (4)  for  the  inertial-convective  range;  if,  in  addition,  D  >  v 
then  the  inertial-diffusive  range  form  for  T(k)  given  by  Leith  ( 1 968)  results.  For  k  >  k*, 
D8(k)  oc  Q~x{e/v)b  k*,  which  is  similar  to  Kraichnan's  (1968)  model,  and  the  solutions  of 
this  model  are  proportional  to  the  scalar  spectrum  in  (15)  with  the  non-dimensional 
wavenumber  p  =  (22fi/3)i(ki/kd)~i  (k/kb);  if,  in  addition,  D  <^v  then  the  propor- 
tionality becomes  an  equality  with 

A  =  (g)/?-i(eMi(k*/kd)i.  (20) 

4.4.  Model* 

The  final  model  is  also  a  diffusion  model.  In  analogy  with  the  second  model,  it  is 
required  that  Ds(k)  and  din Ds(k) /dink  make  smooth  transitions  between  their 
inertial -range  and  viscous-range  formulae.  As  in  the  second  model,  the  hyperbolic 
tangent  is  used  to  give  the  smooth  transition  to  the  above  derivative  of  Ds(k).  Two 
parameters  are  introduced:  the  wavenumber  &  and  a  non-dimensional  constant  b 
which  governs  the  width  of  the  transition.  The  wavenumber  k*  should  not  be  confused 
with  the  transitional  wavenumber  k*  as  defined  by  (16).  It  is  assumed  that 

^-s  =  ¥-*[l+tanh(^)], 

with  z*  =  In  (k/k*).  Subject  to  the  condition  F(k)  —  x  in  the  inertial-convective  range, 
we  have  ^(fc)  =  ^-i^^^/fctp  +  jj-i/cw 

In  terms  of  the  non-dimensional  wavenumber  x  =  k/kf  the  equation  for  the  scalar 
spectrum  is 

j-U(^+l)-W^[rjr(»)]j  =  Z2pPr-\V/kd)*x*Y{x). 

This  equation  contains  two  free  parameters  to  be  determined  by  comparison  with 
experiment,  namely  (k1 /kd)  and  b.  The  asymptotic  solutions  of  this  equation  are  the 
same  as  those  of  model  3  with  ks  replaced  by  k\  Model  3  is  a  special  case  of  model  4 
with  b  =  £. 


5.  Comparison  of  the  models  with  experiment 

All  four  of  the  models  described  in  the  previous  section  yield  scalar  spectra  with  the 
k~§  inertial-convective  range  form  and  the  k~l  power  law  for  the  viscous-con vective 
range.  The  differences  between  the  models  are  illustrated  in  figure  1  for  several  Prandtl 
numbers;  the  values  of  the  model  parameters  used  for  figure  1  are  those  obtained  in  the 
following  by  comparison  with  the  data  of  Champagne  et  al.  (1977). 

All  four  model  spectra  are  the  solutions  of  linear,  homogeneous  differential 
equations;  any  such  solution  multiplied  by  a  constant  is  also  a  solution.  Therefore,  the 
models  are  not  capable  of  predicting  a  value  of  /?,  and  fi  is  used  as  an  adjustable 
parameter  when  fitting  data. 
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Figure  1.  The  model  spectra  for  four  values  of  v/D. ,  model  1 ; 

,  model  2; ,  model  3; ,  model  4. 
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Figure  2.  Comparison  of  the  models  with  the  data  obtained  by  Champagne  et  al.  (1977). 
x  ,  data.  The  symbols  for  the  models  are  the  same  as  in  figure  1 . 

5.1.  Temperature  fluctuations  in  the  atmospheric  surface  layer 

We  now  compare  the  models  with  temperature  spectra  measured  in  the  atmospheric 
surface  layer  by  Champagne  et  al.  (1977)  and  by  Williams  &  Paulson  (1977).  No  noise 
correction  was  found  necessary  by  Champagne  et  al. ,  but  a  noise  correction  was  used  by 
Williams  &  Paulson.  Both  data  sets  were  corrected  for  the  aliasing  due  to  the  fluctuating 
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Figure  3.  Comparison  of  the  models  with  the  data  obtained  by  Williams  &  Paulson  (1977). 
A ,  data.  The  symbols  for  the  models  are  the  same  as  in  figure  1. 


Model  1 

Model  2                Model  3 

Model  4 

Data  set 

Q 

k* /kd,  a                   k$/kd 

kykd,  b 

Champagne  et  al. 

2-5 

0074,  1-4                 0174 

0072,  1-9 

Williams  &  Paulson 

2-2 

0073,  1-7                  0-22 

0071,  20 

Table  1.  Values  of  the  model  parameters. 

convection  velocity  (Wyngaard  &  Clifford  1977).  The  one-dimensional  spectra  are 
computed  for  the  models  and  are  compared  with  the  data  in  figures  2-7.  The  Prandtl 
number  is  taken  to  be  0-72,  and  the  /?j  values  used  are  0-41  and  0-46  for  the  Champagne 
et  al.  data  and  Williams  &  Paulson  9-run-average,  respectively.  The  values  of  the 
model  parameters  used  for  the  figures  are  given  in  table  1 . 

Figures  2  and  3  present  the  function  (k/kd)%  Y(k);  this  function  is  the  constant  /?x 
in  the  inertial-convective  range.  Both  data  sets  show  a  pronounced  'bump'  at  high 
wavenumbers;  this  bump  is  reflected  in  all  four  of  the  models.  The  'bump'  is  the 
appearance  of  a  tendency  toward  a  viscous-con vective  range  at  wavenumbers  lower 
than  those  at  which  diffusive  dissipation  sharply  reduces  the  spectrum  It  is  evident 
from  figures  2  and  3  that  models  1  and  3  have  a  much  too  gradual  transition  between 
the  inertial-convective  and  viscous-convective  ranges.  In  fact,  the  curves  for  models  1 
and  3  closely  approach  the  constant  ftx  only  for  wavenumbers  smaller  than  those 
shown  in  the  figures.  Consequently  the  parameters  for  these  two  models  are  chosen  by 
matching  the  peak  values  of  the  model's  dissipation  spectra  with  those  of  the  data. 
Models  2  and  4,  on  the  other  hand,  reproduce  the  bump  in  the  data  quite  well.  The 
parameters  for  models  2  and  4  are  then  chosen  to  obtain  a  bump  with  about  the  same 
height  and  width  as  the  data,  without  regard  to  the  position  of  the  bump  maximum. 


589 


554 


B.  J.  Hill 


rfr. 


0-30 


0-25  - 


0-20  -, 


015 


010 


005  - 


i — I 1 — I — i — i — r 


a-*Hfc   i* 


1-2 


1-4 


0-6  o: 

k/kd 
Figure  4.  Comparison  of  the  model  one -dimensional  dissipation  spectra  with  the  data  obtained 
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Figure  5.  Comparison  of  the  model  one -dimensional  dissipation  spectra  with  the  data  obtained 
by  Williams  &  Paulson  (1977).  A  t  data.  The  symbols  for  the  models  are  the  same  as  in  figure  1. 


The  crosses  (  x  )  in  figures  2,  4  and  6  are  the  result  of  applying  the  fluctuating-convec- 
tion- velocity  correction  to  a  polynomial  fit  to  the  uncorrected  data;  the  calculations 
were  done  by  the  experimenters.  This  polynomial  fit  is  excellent  for  the  dissipation 
spectrum  and  for  the  function  WYik).  However,  this  polynomial  fit  slightly  under- 
estimates the  height  of  the  bump.  It  is  seen  in  figure  2  that  models  2  and  4  have  a 
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Figure  6.  Comparison  of  (k/kd)iX¥{k)  with  the  data  obtained  by  Champagne  et  al.  (1977). 
x  ,  data.  The  symbols  for  the  models  are  the  same  as  in  figure  1 . 
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Figure  7.  Comparison  of  (k/kd)* T (k)  with  the  data  obtained  by  Williams  &  Paulson  (1977). 
A ,  data.  The  symbols  for  the  models  are  the  same  as  in  figure  1. 


slightly  higher  bump  than  the  data;  this  is  intentional  in  order  to  compensate  for  the 
bias  in  the  polynomial  fit  to  the  data. 

The  scaled  dissipation  spectra  are  compared  with  the  data  in  figures  4  and  5.  By  ( 1 ), 
the  area  under  all  of  the  curves  must  be  the  same,  namely  \Pr.  A  dissipation  spectrum 
that  falls  more  rapidly  at  high  wavenumbers  must  then  have  a  higher  peak  value  at  the 
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Figure  8.  Comparison  of  model  2  with  the  one-dimensional  temperature  spectrum  for  run  2  of 

Grant  et  al.  (1968).  Also  shown  is  the  one-dimensional  energy  spectrum  for  their  run  2. 


lower  wavenumbers.  Comparing  the  position  of  the  peak  in  the  dissipation  spectrum 
with  the  position  of  the  bump  maximum  in  figures  2  and  3  shows  that  a  higher  peak  in 
the  dissipation  spectrum  tends  to  move  the  bump  maximum  to  higher  wavenumbers. 
Model  2  has  a  relatively  rapidly  falling  tail  in  the  dissipation  spectrum  and  conse- 
quently a  higher  peak  in  the  dissipation  spectrum;  therefore  the  bump  maximum  is  at 
a  slightly  higher  wavenumber  than  the  data.  The  above  remarks  are  the  motivation 
for  ignoring  the  position  of  the  bump  maximum  in  fitting  models  2  and  4  to  the 
data. 

Figures  6  and  7  present  the  fourth  wavenumber  moment  of  the  scaled  one- 
dimensional  spectrum.  In  interpreting  these  figures,  and  also  figures  4  and  5,  it  should 
be  kept  in  mind  that  the  accuracy  of  the  data  is  questionable  at  (k/kd)  >  08.  For 
instance,  in  figure  6  there  is  noise  evident  in  the  data  for  k/kd  >  0-8;  the  signal-to-noise 
ratio  was  unity  at  k/kd  ~  1-0  (Champagne  et  al.  1977).  If  one  could  remove  this  noise 
then  the  data  points  would  be  lower  at  the  higher  wavenumbers,  in  better  agreement 
with  the  model  spectra.  In  figure  4  the  area  under  the  data  and  model  curves  must  be 
%Pr,  with  Pr  =  0-72.  If  the  tail  of  the  data  in  figure  4  were  reduced  by  a  noise  sub- 
traction then  the  values  near  the  peak  would  be  increased,  resulting  in  even  better 
agreement  with  model  4. 

5.2.  Temperature  fluctuations  in  the  ocean 

We  compare  the  spectrum  from  model  2  with  the  one-dimensional  temperature 
spectrum  from  the  sea  water  measurements  by  Grant  et  al.  ( 1968).  The  comparison  with 
their  run  2  is  presented  in  figure  8  along  with  their  one-dimensional  energy  spectrum 
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for  that  run.  The  thermal  diffusivity  used  is  the  same  as  used  by  Grant  et  al.  (1968), 
namely  1-44  x  10_3cm2s_1.  As  is  appropriate  to  the  water  temperature  of  their  run  2 
we  take  Pr  =  9-2.  The  value  of  k*/kd  is  taken  to  be  0-044.  We  use  fix  =  0-31  as  given  by 
Grant  et  al.  (1968)  for  their  run  2.  The  values  of  filt  k*/kd,  and  Pr  are  sufficient  to 
determine  T(k).  For  run  2  Grant  et  al.  (1968)  give 

e  =  0-52em2s-3     and     #  =  4-2  x  10-3°K2s-:; 

this  is  then  sufficient  information  to  determine  the  unsealed  spectrum  T^),  which  is 
presented  in  figure  8.  Owing  to  difficulties  in  comparing  with  data  in  graphical  form, 
only  model  2  is  presented;  however,  comparison  with  figure  1  illustrates  the  differences 
between  the  models  in  the  viscous-convective  and  viscous-diffusive  ranges.  However, 
model  4  and  Pr  =  9-2  was  used  to  obtain  k*/kd  based  on  the  estimate  by  Grant  et  al. 
(1968)  that  kf/kd  =  0-024  +  0-008;  this  resulted  in  k*/kd  =  0-041  ±  0-013,  in  good 
agreement  with  k*/kd  =  0-044  used  in  model  2  to  produce  figure  8. 

In  a  stratified  medium,  such  as  the  ocean,  it  is  possible  that  'fossil  turbulence' 
contributes  to  measured  temperature  spectra.  Grant  et  al.  (1968)  present  temperature 
and  energy  spectra  measured  in  both  Discovery  Passage  and  the  open  ocean.  Their 
energy  spectra  from  the  open  ocean  have  anomalous  shapes  with  little  or  no  inertial 
range,  and  it  can  be  speculated  that  the  corresponding  temperature  spectra  may  be 
contaminated  by  fossil  turbulence.  Their  energy  spectra  from  Discovery  Passage,  run 
2  being  an  example,  have  two  to  three  decades  of  inertial  range,  which  implies  active, 
high-Reynolds-number  turbulence.  Thus  it  is  assumed  that  the  temperature  spectra 
from  Discovery  Passage  are  not  affected  by  fossil  turbulence. 

5.3.  Comparison  with  ammonium  acetate  fluctuations 

Gibson  et  al.  (1970a)  have  measured  the  spectrum  of  ammonium  acetate  fluctuations 
in  a  sphere  wake  at  downstream  positions  of  2-17  and  7-5  diameters,  which  we  refer  to 
as  runs  1  and  2  respectively.  The  data  were  low-pass  filtered ;  the  resultant  filtered  one- 
dimensional  spectra  have  a  transition  from  an  inertial-convective  to  a  viscous- 
convective  range  at  the  wavenumbers  0-04kd  and  0-03kd  for  runs  1  and  2  respectively. 
We  denote  the  measured  transitional  wavenumber  by  (fc*)meas  and  investigate  the 
relationship  between  (&*)meas  and  the  transitional  wavenumbers  fcf  and  k*  as  defined 
in  (16)  and  (17).  For  this  purpose,  model  4  is  used  with  b  =  1-9  and  a  Schmidt  number 
of  700,  although  the  results  are  insensitive  to  variation  of  the  Schmidt  number.  In 
order  to  simulate  the  low -pass  filter  we  truncate  the  integration  in  (2)  at  an  upper  limit 
of  0-8fcd  and  2-0fcrf  (corresponding  to  experimental  conditions)  for  runs  1  and  2 
respectively;  the  resulting  theoretical,  filtered,  one-dimensional  spectra  represent  the 
data  well  and  have  the  transition  from  inertial-convective  to  viscous-convective 
range  at  0-04kd  and  0-03kd  if  kykd  is  taken  to  be  0-09  and  0-075  for  runs  1  and  2 
respectively.  The  transitional  wavenumber  k^  of  the  unfiltered  one-dimensional 
spectrum  is  then  0-034fcd  and  0-029^  for  runs  1  and  2  respectively,  whereas  k*  is 
0-068A:d  and  0-057kd. 

Several  facts  are  evident  from  the  above  results.  First,  kf,  a  parameter  of  model  4, 
is  not  k*;  k*/k*  ~  1-32.  Second,  the  transitional  wavenumbers  in  the  filtered  spectra, 
(&*)meas  =  0-04fcd  and  0-03kd,  are  different  from  the  values  of  k*  from  the  unfiltered 
spectra,  k%  =  0-034kd  and  0-029&d;  the  percentage  discrepancy  between  the  transi- 
tional wavenumber  in  the  data  (0-04fcd  and  0-03kd)  is  greater  than  the  percentage 
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Data  set 

v/D 

k*/kd 

9 

Grant  et  al.  (1968) 
Champagne  et  al.  (1977)  and 
Williams  &  Paulson  (1977) 
Gibson  et  al.  (1970a) 

9-2 
0-72 

700 

0-041  ±0-013 
0-054  ±0-001 

0062  ±0-006 

6-2  ±1-4 
5-1  ±0-06 

4-7  ±0-2 

Table  2.  Values  of  k*/kd  and  q 

determined  by  comparing  model  4  with 

experiments. 

discrepancy  between  the  kf  values  (0-034&d  and  0-029&d)  that  result  from  the  model 
fit  to  the  data.  Thus  the  filtering  increases  the  value  of  the  transitional  wavenumber 
by  an  amount  that  depends  on  the  value  of  the  cut-off  wavenumber  relative  to  k*. 
Third,  the  transitional  wavenumbers  k*  and  k%  are  unequal;  for  large  v/D  we  have 
k*/kf  ~  1-98.  Fourth,  in  order  to  interpret  low-pass  filtered  data,  such  as  those  of 
Gibson  et  al.  (1970a),  in  terms  of  the  universal  constant  k*/kd  the  use  of  a  model  of 
the  scalar  spectrum  is  needed. 

The  values  of  k*/kd  determined  by  comparing  model  4  with  the  experiments  per- 
formed by  Grant  et  al.  (1968),  the  two  runs  by  Gibson  et  al.  (1970a),  and  by  Champagne 
et  al.  (1977)  and  Williams  &  Paulson  (1977)  are  brought  together  in  table  2.  These 
values  of  k*/kd  are  all  consistent  within  experimental  uncertainties.  This  lends  strong 
support  to  the  assertion  that  the  bump  observed  in  the  temperature  spectrum  in  air 
(v/D  —  0-72)  is  the  beginning  of  a  viscous-convective  range.  From  top  to  bottom  in 
table  2  the  experiments  are  listed  from  highest  Reynolds  number  to  lowest;  while  the 
k*/kd  values  increase  from  top  to  bottom.  This  suggests,  but  does  not  prove,  that 
k*/kd  might  decrease  with  increasing  Reynolds  number. 

Model  4  can  be  used  to  determine  Batchelor's  constant  q,  which  is  defined  by 
y  =  —q~1(e/v)i.  For  the  viscous-convective  range,  comparison  of  (6)  and  (15)  gives 
y  s=  —  ^A.  Then  (20),  with  k*  replaced  by  k\  gives 

q  =  W^V^H  =  l-016/?(**/*d)-».  (21) 

Equation  (21)  is  very  nearly  the  same  as  is  obtained  by  equating  (4)  and  (6)  at  k  =  k*. 
Batchelor's  constant,  as  determined  from  the  k*/kd  values,  is  also  given  in  table  2; 
fi  is  assumed  to  be  0-72  for  this  purpose.  The  values  of  q  in  table  2  tend  to  increase  with 
increasing  Reynolds  number. 

5.4.  Comparison  with  temperature  fluctuations  in  mercury 
Clay  (1973)  has  measured  temperature  fluctuations  in  mercury  (Pr  ~  0-018)  in  order 
to  observe  an  inertial-diffusive  range.  Two  power  laws  were  observed  over  very 
limited  ranges  of  wavenumber.  A  k~3  power  law  was  found  for  0-025  <  k/kd  <  0-039. 
At  the  highest  observable  wavenumbers  the  spectrum  steepened  to  a  k~¥  power  law 
between  k/kd  =  0-12  and  0-23.  The  observed  values  of  fi1  increase  with  increasing 
Reynolds  number  from  roughly  0-3  to  0-75.  The  P1  values  did  not  level  off  with 
increasing  Reynolds  number  even  though  an  inertial-convective  range  was  observable 
at  the  highest  Reynolds  numbers  attained. 

Both  the  three-dimensional  and  the  one-dimensional  spectra  are  computed  for 
Pr  =  0-018  using  model  4  with  the  parameters  obtained  from  the  comparison  with  the 
data  of  Champagne  et  al  (1977).  The  dissipation  spectra  are  presented  in  figure  9  along 
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Figure  9.  Comparison  of  model  4  with  the  temperature  spectrum  in  mercury  measured  by  Clay 
(1973).  The  dashed  and  dotted  curves  are  the  model  three-dimensional  and  one -dimensional 
spectra,  respectively.  The  solid  curve  is  the  measured  one -dimensional  spectrum. 

with  the  measured  temperature  spectrum  in  mercury  that  appears  in  figure  19  of  Clay 
(1973).  The  straight  lines  having  slopes  \,  —1,  and  — -^  correspond  to  spectral 
power  laws  k~§,  k~3,  and  &"¥-,  respectively.  The  model  spectrum  was  determined  using 
/?i  =  0-43.  The  scaling  in  figure  19  of  Clay  (1973)  is  apparently  in  error;  the  spectral 
values  must  be  multiplied  by  0-54  in  order  that  the  area  under  the  scaled  dissipation 
spectrum  equals  %Pr  as  it  should.  In  view  of  this  scaling  error  and  the  variation  of  the 
measured  values  of/?!  with  Reynolds  number,  the  measured  spectrum  in  figure  9  was 
displaced  vertically  to  obtain  a  best  fit  to  the  model.  Because  of  this  displacement,  it 
cannot  be  said  that  the  model  compares  favourably  with  the  data.  However,  it  is  seen 
that  the  shape  of  the  model  spectrum  follows  that  of  Clay's  data  for  wavenumbers 
between  k/Jcd  =  0-02  and  0-2.  Of  course,  none  of  the  models  developed  here  have  a 
power-law  inertial- diffusive  range.  In  addition,  the  model  spectrum  was  used  to 
estimate  the  effect  of  the  fluctuating-convection-velocity  aliasing  for  Clay's  experi- 
ment; this  effect  was  found  to  be  negligible. 
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The  inertial-convective  range  power  law  of  the  model  appears  for  k/kd  smaller  than 
about  0-003.  Such  low  wavenumbers  lie  within  the  variance- containing  range  of  the 
data.  Thus  the  model  interprets  the  data  as  having  no  true  inertial-convective  range 
because  the  P£clet  number  is  too  small. 

In  previous  sections  it  was  found  that  k*/kd  ~  0-05.  Therefore,  for  Pr  <^  1  the  model 
predicts  that  there  is  a  transition  from  an  inertial-diffusive  range  to  a  viscous-diffusive 
range  at  wavenumbers  near  k*  ~  0-05kd.  This  suggests  the  conjecture  that  the 
steepening  of  the  measured  spectrum  from  k~3  to  k~3~  near  k  =  0-05kd  is  due  to  a 
transition  from  an  inertial-diffusive  range  to  a  viscous-diffusive  range.  Since  the 
transitional  wavenumber  k*  is  rather  small,  e.g.  k*/kd  ~  0-05,  it  is  evident  that  the 
inertial-diffusive  range  for  Pr  =  0-018  might  be  of  very  limited  extent.  A  convincing 
measurement  of  an  inertial-diffusive  range  would  require  v/D  ~  10~3  and  a  high 
Reynolds  number  flow. 


6.  Conclusion 

Four  models  of  the  scalar  spectral  transfer  function  are  developed  and  the  resulting 
scalar  spectra  are  compared  with  experiment.  These  models  are  applicable  for  arbitrary 
v/D  for  high  Reynolds  number  flow  and  all  have  the  expected  k~§  variation  in  the 
inertial-convective  range  and  the  k'1  variation  in  the  viscous-con vective  range.  Models 
1  and  3  give  a  good  fit  to  the  dissipation  spectra  found  by  Champagne  et  al.  (1977)  and 
Williams  &  Paulson  (1977);  however,  these  models  do  not  represent  the  data  well  in 
the  inertial-convective  range.  Models  2  and  4  are  in  good  agreement  with  the  data 
gathered  by  Champagne  et  al.  and  by  Williams  &  Paulson.  An  outstanding  feature  of 
the  temperature  spectra  observed  by  these  experimenters  is  the  'bump'  at  high 
wavenumbers.  The  models  show  that  this  bump  is  a  tendency  to  a  viscous-convective 
range  at  wavenumbers  lower  than  the  wavenumbers  at  which  diffusion  rapidly 
decreases  the  temperature  spectrum. 

Values  of  the  transitional  wavenumber  k*  are  determined  from  measurements  and 
are  given  in  table  2.  These  values  appear  to  increase  slightly  with  decreasing  Reynolds 
number;  whether  or  not  this  effect  is  real  remains  a  matter  for  further  experimentation 
and  theoretical  insight.  Using  the  values  of  k*/kd  from  the  large  v/D  experiments  of 
Grant  et  al.  (1968)  and  Gibson  et  al.  (1970a),  the  models  then  predict  a  bump  in  the 
temperature  spectrum  in  air,  Pr  =  0-72.  Thus  a  consistent  picture  emerges  for  the 
spectrum  of  scalar  fluctuations  for  arbitrary  v/D. 

For  constant  k*/kd,  the  ratio  of  k*  to  the  transitional  wavenumber  observed  in  a  one- 
dimensional  scalar  spectrum  is  a  function  of  v/D  and  also  of  the  location  of  a  low-pass 
filter  cut-off,  if  any.  The  transitional  wavenumber  k*  is  defined  in  (17)  only  for 
asymptotically  large  v/D;  model  4  gives  k* fkf  =  1-98. 

The  values  found  for  k*/kd,  namely  about  0-05,  have  the  following  implications. 
First,  values  of  flx  determined  from  the  level  of  the  temperature  spectrum  in  air 
measured  in  moderate  Reynolds  number  flows  may  be  too  large  owing  to  the  presence 
of  the  bump.  An  accurate  determination  of  fix  requires  the  observation  of  an  inertial- 
convective  range  in  the  temperature  spectrum  in  air  at  wavenumbers  less  than  about 
0-03fcd.  Second,  the  inertial-diffusive  range  for  temperature  fluctuations  in  mercury 
is  of  very  limited  extent;  a  convincing  observation  of  the  inertial-diffusive  range  would 
require  v/D  ~  10-3  and  a  high  Reynolds  number  flow. 
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Model  4  gives  the  best  fit  to  the  data  obtained  by  Champagne  et  al.  (1977)  and  by 
Williams  &  Paulson  (1977).  This  model  can  then  predict  the  shape  of  such  spectra  as 
the  humidity  spectrum,  which  has  not  been  measured  at  high  wavenumbers  because 
of  limited  frequency  response  of  the  sensors.  The  predicted  humidity  spectrum  and 
temperature-humidity  co-spectrum  given  by  Hill  (1978)  have  a  bump  corresponding 
to  that  observed  in  temperature  spectra  in  air.  Model  4  is  recommended  for  use  in 
computing  quantities  relevant  to  optical  and  radio  wave  propagation  in  turbulent 
media.  Such  an  application  to  optical  propagation  is  made  by  Hill  &  Clifford  (1978). 
An  application  to  VHF  radio  wave  scattering  from  turbulence-induced  fluctuations  in 
the  D  region  ionization  is  made  by  Hill  (1976). 
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Council  through  the  Resident  Research  Accociateship  program. 


REFERENCES 

Batckelor,  G.  K.     1959    Small-scale  variation  of  convected  quantities  like  temperature  in 

turbulent  fluid.  Part  1 .  General  discussion  and  the  case  of  small  conductivity.  J.  Fluid  Mech. 

5,  113-133. 
Batchelor,  G.  K.,  Howells,  I.  D.  &  Townsend,  A.  A.    1959    Small-scale  variation  of  con- 
vected quantities  like  temperature  in  turbulent  fluid.  Part  2.  The  case  of  large  conductivity. 

J.  Fluid  Mech.  5,  134-139. 
Boston,  N.  E.  &  Burling,  R.  W.    1972  An  investigation  of  high  wavenumber  temperature  and 

velocity  spectra  in  air.  J.  Fluid  Mech.  55,  473-492. 
Bugnolo,  D.  S.    1972   Turbulence  in  weakly  ionized  plasma.  J.  Plasma  Phys.  8,  143-158. 
Champagne,  F.  H.,  Friehe,  C.  A.,  LaRue,  J.  C.  &  Wyngaard,  J.  C.   1977  Flux  measurements, 

flux-estimation  techniques,  and  fine-scale  turbulence  measurements  in  the  unstable  surface 

layer  over  land.  J.  Atmos.  Sci.  34,  515-530. 
Clay,  J.  P.    1973   Turbulent  mixing  of  temperature  in  water,  air  and  mercury.  Ph.D.  thesis, 

University  of  California  at  San  Diego. 
Corrsin,  S.   1951   On  the  spectrum  of  isotropic  temperature  fluctuations  in  isotropic  turbulence. 

J.  Appl.  Phys.  22,  469-473. 
Corrsin,  S.    1961    The  reactant  concentration  spectrum  in  turbulent  mixing  with  a  first-order 

reaction.  J.  Fluid  Mech.  11,  407-416. 
Corrsin,  S.    1964    Further  generalization  of  Onsager's  cascade  model  for  turbulent  spectra. 

Phys.  Fluids  7,  1156-1159. 
Garosi,  G.  A. ,  Bekefi,  G.  &  Schtjlz,  M.   1 970  Response  of  a  weakly  ionized  plasma  to  turbulent 

gas  flow.  Phys.  Fluids  13,  2795-2809. 
Gibson,  C.  H.    1968    Fine  structure  of  scalar  fields  mixed  by  turbulence.  II.  Spectral  theory. 

Phys.  Fluids  11,  2316-2327. 
Gibson,  C.  H.,  Lyon,  R.  R.  &  Hirschsohn,  I.    1970a  Reaction  product  fluctuations  in  a  sphere 

wake.  A.I.A.A.  J.  8,  1859-1863. 
Gibson,  C.  H.  &  Schwarz,  W.  H.    1963  The  universal  equilibrium  spectra  of  turbulent  velocity 

and  scalar  fields.  J.  Fluid  Mech.  16,  365-386. 

ig  FLM  88 


597 


562  R.  J.  Hill 

Gibson,  C.  H.,  Stegen,  G.  R.  &  Williams,  R.  B.    19706    Statistics  of  the  fine  structure  of 

turbulent  velocity  and  temperature  fields  measured  at  high  Reynolds  number.  J.  Fluid 

Mech.  41,  153-167. 
Gbanatstein,  V.  L.,  Levine,  A.M.  &  Subramanian,  M.    1971    Laser  probing  of  a  weakly 

ionized  turbulent  gas:  comparison  of  neutral  and  plasma  fluctuations.  Phys.  Fluids  14, 

2581-2587. 
Grant,  H.  L.,  Hughes,  B.  A.,  Vogel,  W.  M.  &  Moilliet,  A.   1968  The  spectrum  of  temperature 

fluctuations  in  turbulent  flow.  J.  Fluid  Mech.  34,  423-492. 
Hill,  R.  J.    1976    Small-scale  fluctuations  in  D-region  ionization  due  to  hydrodynamic  tur- 
bulence. Aeron.  Rep.  75,  Dep.  Elec.  Eng.,  University  of  Illinois,  Urbana,  IL  61801. 
Hill,  R.  J.     1978    Spectra  of  fluctuations  in  refractivity,  temperature,  humidity,  and  the 

temperature-humidity  cospectrum  in  the  inertial  and  dissipation  ranges.  Radio  Science  (to  be 

published). 
Hill,  R.  J.   &  Clifford,  S.  F.     1978    The  modified  spectrum  of  atmospheric  temperature 

fluctuations  and  its  application  to  optical  propagation.  J.  Opt.  Soc.  Am.  (to  be  published). 
Kraichnan,  R.  H.    1968   Small-scale  structure  of  a  scalar  field  convected  by  turbulence.  Phys. 

Fluids  11,  945-953. 
Kuyel,  B.  &  Gruber,  S.    1973  Experimental  turbulence  spectra  in  neutral  and  ion  components 

of  a  weakly  ionized  gas.  Phys.  Fluids  16,  1842-1847. 
Lee,T.  D.   1952  On  some  statistical  properties  of  hydrodynamical  and  magneto -hydrodynamical 

fields.  Quart.  Appl.  Math.  10,  69-74. 
Leith,  C.  E.  1968  Diffusion  approximation  for  turbulent  scalar  fields.  Phys.  FluidsW,  1612-1617. 
Lin,  S.  C.  &  Lin,  S.  C.    1973   Study  of  strong  temperature  mixing  in  subsonic  grid  turbulence. 

Phys.  Fluids  16,  1587-1598. 
Lin,  J.  T.    1972  Velocity  spectrum  of  locally  isotropic  turbulence  in  the  inertial  and  dissipation 

ranges.  Phys.  Fluids  15,  205-207. 
McConnell,  S.    1976  The  fine  structure  of  velocity  and  temperature  measured  in  the  laboratory 

and  atmospheric  marine  boundary  layer.  Ph.D.  thesis,  University  of  California,  San  Diego. 
McKelvey,  K.  N.,  Yieh,  H.  N.,  Zakanycz,  S.  &  Brodkey,  R.  S.    1975    Turbulent  motion, 

mixing,  and  kinetics  in  a  chemical  reactor  configuration.  A.l.Ch.E.  J .  21,  1165-1176. 
Mjolsness,  R.  C.    1975  Diffusion  of  a  passive  scalar  at  large  Prandtl  number  according  to  the 

abridged  Lagrangian  interaction  theory.  Phys.  Fluids  18,  1393-1394. 
Nye,  J.  O.  &  Brodkey,  R.  S.    1967    The  scalar  spectrum  in  the  viscous-convective  subrange. 

J.  Fluid  Mech.  29,  151-163. 
Oboukkov,  A.  M.    1949   Structure  of  the  temperature  field  in  turbulent  flow.  Izv.  Akad.  Nauk 

SSSR,  Ser.  Geogr.  i  Geofiz.  13,  58-69. 
Onsager,  L.    1949   Statistical  hydrodynamics.  Nuovo  Cimento,  Suppl.  6,  pp.  279-287. 
Pao,  Y.  H.    1964   Statistical  behavior  of  a  turbulent  multicomponent  mixture  with  first-order 

reactions.  A.I.A.A.  J.  2,  1550-1559. 
Pao,  Y.  H.    1965  Structure  of  turbulent  velocity  and  scalar  fields  at  large  wavenumbers.  Phys. 

Fluids  8,  1063-1075. 
Paquin,  J.  E.  &  Pond,  S.    1971    The  determination  of  the  Kolmogoroff  constants  for  velocity, 

temperature  and  humidity  fluctuations  from  second-  and  third-order  structure  functions. 

J.  Fluid  Mech.  50,  257-269. 
Pond,  S.,  Smith,  S.  D.,  Hamblin,  P.  F.  &  Burling,  R.  W.    1966    Spectra  of  velocity  and 

temperature  fluctuations  in  the  atmospheric  boundary  layer  over  the  sea.  J.  Atmos.  Sci.  23, 

376-386. 
Rust,  J.  H.  &  Sesonske,  A.    1966  Turbulent  temperature  fluctuations  in  mercury  and  ethylene 

glycol  in  pipe  flow.  Int.  J.  Heat  Mass  Transfer  9,  215-227. 
Schmitt,  K.  F.,  Friehe,  C.  A.  &  Gibson,  C.  H.     1978    Humidity  sensitivity  of  atmospheric 

temperature  sensors  by  salt  contamination.  J.  Phys.  Ocean.  8,  151-161. 
Williams,  R.  M.  &  Paulson,  C.  A.    1977   Microscale  temperature  and  velocity  spectra  in  the 

atmospheric  boundary  layer.  J.  Fluid  Mech.  83,  547-567. 
Wyngaard,  J.  C.  &  Clifford,  S.  F.    1977   Taylor's  hypothesis  and  high-frequency  turbulence 

spectra.  J.  Atmos.  Sci.  34,  922-929. 


598 


Journal  of  The  Optical  Society  of  America,  68:  1067-1072,  1978. 


Optical  propagation  in  turbulent  water 

R.J.Hill 

Wave  Propagation  Laboratory,  Environmental  Research  Laboratories,  National  Oceanic  and  Atmospheric  Administration, 

Boulder,  Colorado  80302 
(Received  16  December  1977) 

The  spectrum  of  optical  refractive-index  fluctuations  caused  by  temperature  or  salinity  fluctuations 
in  turbulent  water  is  much  different  from  the  refractive-index  spectrum  of  temperature  or  humidity 
fluctuations  in  air.  This  occurs  because  the  ratio  of  kinematic  viscosity  to  diffusivity  is  much  greater 
for  temperature  and  salinity  fluctuations  in  water  than  for  temperature  and  humidity  fluctuations 
in  air.  In  turbulent  water  the  temperature  and  salinity  spectra  have  viscous-convective  ranges  that 
extend  roughly  one  and  two  decades  in  wave  number,  respectively.  The  consequences  of  these  viscous- 
convective  ranges  for  optical  propagation  in  water  are  examined.  It  is  found  that  the  variance  of  log 
intensity,  as  a  function  of  Fresnel-zone  size,  rises  far  above  its  large  Fresnel-zone-size  asymptotic 
form,  and  the  covariance  function  of  log-amplitude  is  relatively  narrow  when  the  viscous-convective 
range  dominates  its  shape.  If  the  viscous-convective  range  dominates  the  shape  of  the  structure 
function  of  phase,  then  the  structure  function  is  proportional  to  the  spacing  and  is  less  sensitive  to 
outer  scale  effects  than  for  propagation  in  air.  Likewise,  the  lateral  coherence  length  has  a  new 
asymptotic  form  arising  from  a  viscous-convective  range  and  is  also  less  sensitive  to  outer  scale  effects 
than  for  propagation  in  air. 


I.     INTRODUCTION 

It  was  shown  by  Batchelor1  on  theoretical  grounds  that 
if  the  diffusivity  D  of  a  quantity  in  a  fluid  is  much  smaller  than 
the  kinematic  viscosity  v  of  the  fluid  in  which  the  quantity  is 
being  advected  by  turbulence,  then  the  spatial  power  spec- 
trum $(k)  of  the  fluctuations  of  that  quantity  should  have  a 
viscous-convective  range  such  that  $(<()  <*  k~3.  At  yet  higher 
wave  numbers  #(k)  has  a  viscous-diffusive  range  where  it  falls 
rapidly  because  of  diffusion  of  the  quantity.  At  wave  num- 
bers smaller  than  those  in  the  viscous-convective  range,  O(x) 
has  an  inertial-convective  range  (for  high-Reynolds-number 
turbulence)  wherein  #(/c)  <*  «_11/3,  as  predicted  by  Corrsin.2 
The  spectrum  4>(k)  decreases  less  rapidly  in  tbe  viscous-con- 
vective range  than  in  the  inertial-convective  range.  For  v/D 
»  1,  a  length  scale  at  which  diffusion  of  the  quantity  is  im- 
portant is  Batchelor 's  scale  Ib  =  (cD2/«)1/4,  where  t  is  the  rate 
of  dissipation  of  turbulent  kinetic  energy  per  unit  mass  of 
fluid.  The  relationship  between  the  Kolmogorov  microscale 
7?  =  (v3A)1/4  and  Batchelor's  scale  is  simply  r\  =  Ib(v/D)112. 
Therefore,  v/D  »  1  implies  that  i?  »  Ib- 


II.     SPECTRA  OF  TEMPERATURE  AND  SALINITY 
FLUCTUATIONS  IN  WATER 

Temperature  and  salinity  (sodium  chloride)  in  water  have 
v/D  m  7.0  and  700,  respectively.  Thus  the  temperature  and 
salinity  spectra  in  water  both  have  well-developed  viscous- 
convective  ranges.  On  the  other  hand,  temperature  and  hu- 
midity in  air  have  v/D  ^  0.72  and  0.63,  respectively;  these 
spectra  have  only  the  very  beginnings  of  a  viscous-convective 
range.3  In  water,  the  viscous-convective  range  has  been  ob- 
served experimentally  for  temperature  fluctuations  by  Grant 
et  al.4  and  for  ammonium  acetate  fluctuations  by  Gibson  et 
al. 5  Other  observations  of  the  viscous-convective  range  are 
reviewed  by  Hill.6 

An  accurate  model  of  4>(k)  for  turbulently  advected  quan- 
tities of  arbitrary  v/D  has  been  developed  by  Hill6  (namely, 
his  model  4).  This  model  gives  excellent  agreement  with  the 
temperature  spectra  measured  in  air  by  Champagne  et  al. 7 
and  Williams  and  Paulson.8  This  model  is  used  here  to  pre- 
dict 4>(k)  for  temperature  and  salinity  fluctuations  in  water, 
and  the  spectra  are  presented  in  Figs.  1  and  2.    These  figures 
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FIG.  1.     Spectrum  of  temperature  fluctuations  in  turbulent  water. 
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FIG.  2.     Spectrum  of  salinity  fluctuations  in  turbulent  water. 
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FIG.  3.     Variance  of  log-intensity  caused  by  temperature  fluctuations  in 
turbulent  water. 


show  the  function  F(k)  =  4irx~1«1/3»c11/3<i>(/<)  versus  scaled  wave 
number  kti,  \  is  the  rate  of  dissipation  of  mean-squared  tem- 
perature fluctuations.  The  function  F(k)  tends  to  the  Obu- 
khov-Corrsin  constant  fi  in  the  inertial-convective  range; 
measurements  of  /3  reviewed  by  Hill6  suggest  /3  ^  0.72.  Thus 
the  inertial-convective  range  where  <J>(k)  <*  k~11/3  is  the  flat  part 
of  the  curves  in  Figs.  1  and  2.  In  the  viscous-convective  range 
where  *(«)  <*  K~3,  the  function  F(k)  increases  as  k2/3.  The 
rising  portion  of  the  curves  is  the  viscous-convective  range. 
At  higher  wave  numbers  in  the  viscous-diffusive  range  the 
spectra  fall  toward  zero. 

III.     VARIANCE  OF  LOG-INTENSITY  AND  THE 
COVARIANCE  FUNCTION  FOR  OPTICAL 
PROPAGATION  IN  TURBULENT  WATER 

The  variance  of  log-intensity  ofnj,  is  calculated  for  a 
spherical  wave  propagating  through  homogeneous  turbulence 
by  using  Eq.  (T8)  of  Lawrence  and  Strohbehn.9  Weak  re- 
fractive turbulence  (i.e.,  unsaturated  scintillation)  is  assumed. 
For  sufficiently  large  Fresnel-zone  size,  (\L)1/2,  the  variance 
of  log-intensity  tends  to  satisfy 


where  k  is  the  optical  wave  number,  L  is  path  length,  X  is  op- 
tical wave  length,  and  C2  is  the  refractive-index  structure 
parameter. 

The  variance  of  log -intensity  normalized  by  its  asymptotic 
form  [Eq.  (1)]  is  presented  as  a  function  of  (XL)1/2//b  in  Figs. 
3  and  4.  Figure  3  contains  the  variance  of  log-intensity  gen- 
erated by  temperature  fluctuations  in  water  (v/D  =  7.0)  as 
determined  from  the  3>(k)  in  Fig.  1.  Figure  4  presents  o^/  from 
salinity  fluctuations  in  water  (v/D  =  700)  as  determined  from 
the  $(/<)  in  Fig.  2.  For  large  (XL)1/2//b,  the  inertial-convec- 
tive range  of  $(/<)  determines  the  variance  of  log-intensity,  and 
the  curves  in  Figs.  3  and  4  must  tend  to  unity.  For  small 
(XL)1/2//b,  the  viscous-diffusive  range  gives  the  dominant 
contribution  to  o-2n/,  and  the  curves  in  Figs.  3  and  4  must  tend 
to  zero.  For  the  intermediate  values  of  (\L)1/2//g,  the  vari- 
ance of  log-intensity  is  principally  determined  by  the  vis- 
cous-convective range  where  <!>(«)  «  k-3,  and  a  pronounced 
bump  in  ofn/  is  evident  in  the  figures.  The  normalized  vari- 
ance in  Fig.  3  rises  to  a  maximum  value  of  about  2.7;  in  Fig.  4 
the  maximum  value,  about  12.5,  is  larger  because  the  vis- 
cous-convective range  is  more  extensive  for  salinity  fluctua- 
tions than  for  the  temperature  fluctuations.  For  temperature 
fluctuations  in  air  (v/D  =  0.72)  the  graph  analogous  to  Figs. 
3  and  4  is  given  by  Hill  and  Clifford.10  They  show  that  there 
is  a  bump  in  the  variance  of  log-intensity  for  optical  propa- 
gation in  air;  the  maximum  value  of  that  bump  is  only  about 
1.3,  which  is  much  less  than  the  case  of  salinity  fluctua- 
tions. 

Batchelor's1  prediction  for  the  spectrum  in  the  viscous- 
convective  range  can  be  used  to  yield 


*nU)=  0.033  C2q,3-V3K-3 


(2) 


Batchelor's  constant  q  arises  from  his  definition  of  an  effective 
least  principal  rate-of-strain  parameter  y  by  y  =  —  q~l(e/v)i/2. 
The  model  spectrum  used  to  generate  Figs.  1  and  2  gives  /J/q 
=  0.142.  For  v/D  »  1  and  agiven  value  of  (XL)1/2//B  such  that 
the  variance  of  log-intensity  is  dominated  by  the  viscous- 
convective  range,  then  substituting  Eq.  (2)  into  Eq.  (T8)  of 
Lawrence  and  Strohbehn9  gives 


*£,,=<  0.5  C^L1"6, 


(1) 
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FIG.  4.     Variance  of  log-intensity  caused  by  salinity  fluctuations  In  turbulent 
water. 
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FIG.  5.     Covariance  function  of  log-amplitude  from  temperature  fluctuations 
in  water. 
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A  =  0.066(2ir)3/2    f  °°  |1  -  x-1  [cos(-wx2/2)C(x) 

+  sin(irx2/2)S(x)}\x-2dx, 

where  C(x )  and  S(x )  are  the  Fresnel  integrals.  Assuming  that 
k,L,fi,  and  A  are  known,  then  a  measurement  of  o\ni,  C2,  and 
jj  for  salinity  fluctuations  can  give  an  experimental  measure- 
ment of  q. 

The  covariance  functions  of  log-amplitude  for  plane  waves 
propagating  through  homogeneous  temperature  and  salinity 
fluctuations  in  water  are  now  discussed.  Weak  refractive 
turbulence  is  assumed.  A  rapidly  decreasing  refractive-index 
spectrum  gives  a  wider  covariance  function  than  does  a  slowly 
decreasing  spectrum.  Therefore,  when  (\L)1I2Hb  and  the 
spacing  p  are  such  that  the  covariance  function  is  dominated 
by  contributions  from  the  viscous-convective  range  of  the 
spectrum,  then  one  expects  the  covariance  function  to  be 
narrower  than  when  the  dominant  contributions  come  from 
an  inertial-convective  range.  For  those  values  of  (\L)1/2/Ib 
and  p  such  that  the  rapidly  falling  diffusive  range  dominates 
the  covariance,  then  one  expects  the  widest  covariance  func- 
tions of  all. 

The  covariance  functions  of  log-amplitude  for  plane  waves 
are  determined  from  the  spectra  in  Figs.  1  and  2  and  are  pre- 
sented in  Figs.  5  and  6.  In  Fig.  5,  the  values  of  (\L)x,2Hb  - 
7.0,  20, 100,  and  1000  correspond,  respectively,  to  those  values 
of  (\L)1/2/Ib  for  which  the  variance  of  log-intensity  is  domi- 
nated by  the  viscous-diffusive  range,  has  a  value  near  the  peak 
of  the  bump,  is  dominated  by  the  viscous-convective  range, 
and  is  nearly  equal  to  its  large  Fresnel-zone  asymptotic  form. 
The  values  of  (XL)1/2//b  used  in  Fig.  6  have  the  same  import. 
As  expected,  the  covariance  functions  are  widest  for  the 
smallest  values  of  (\L)1,2/Ib  so  that  the  diffusive  range 
dominates,  narrowest  for  the  intermediate  (\L)1/2/Ib  such 
that  the  viscous-convective  range  dominates,  and  are  of  in- 
termediate width  for  the  largest  (XL)1/2//g  when  the  iner- 
tial-convective range  dominates.  When  the  viscous-con- 
vective range  dominates,  the  covariance  function  in  Fig.  5 
[(\L)l/2/lB  =  100]  is  slightly  wider  than  in  Fig.  6  [(XL)1/2  = 
200].  This  is  because  the  viscous-convective  range  is  shorter 
for  temperature  fluctuations  in  water  (v/D  =  7.0)  than  for 
salinity  fluctuations  in  water  (v/D  =  700).  Even  so,  the  nar- 
rowest covariance  functions  in  Figs.  5  and  6  are  only  slightly 


narrower  than  the  large-Fresnel-zone  covariance  functions 
for  propagation  in  air. 

IV.     STRUCTURE  FUNCTION  OF  PHASE  FOR 
PLANE  WAVES 

The  structure  function  of  phase  Ds(p),  for  a  plane  wave 
propagating  in  homogeneous  turbulence,  is  related  to  $„(«) 
by9 

Ds(p)  =  4*2k2L  JJ  [I  -  J0(kp)] 

X  [1  +  (kU2L)  ain(K2L/k)\^nM  k  cIk.     (3) 

A  normalized  form  of  the  structure  function  is  defined  by 

Ds(p)  =  Ds(p)/2.92  C2nk2L[(KL)^2)^. 

For  asymptotically  large  p  such  that  (XL)1/2  «  p,  the  struc- 
ture function  of  phase  derives  its  form  from  the  inertial- 
convective  range  where  $„(*)  «  *_11/3.  In  this  case  Ds(p)  ^ 
[p/(XL)1/2]5/3,  provided  that  outer  scale  effects  are  negligable. 
For  p  values  such  that  the  k_11/3  law  dominates  the  form  of 
Ds(p),  the  outer  scale  effects  on  D$(p)  are  not  negligible  even 
for  Reynolds  numbers  as  large  as  those  found  in  the  atmo- 
spheric surface  layer.10'11  Consequently  the  p5/3  power  law 
is  not  expected  to  be  observable.  For  sufficiently  small  p  the 
form  of  Ds(p)  derives  from  the  dissipation  range  of  $„(*),  in 
which  case  Ds(p)  «  p2. 

If  v/D  »  1  and  if  p  lies  between  the  asymptotic  limits  where 
Ds(p)  a  p2  and  p5/3,  then  the  form  of  Ds(p)  can  be  dominated 
by  the  viscous-convective  range  where  4>nU)  <*  «~3.  In  this 
case  a  new  power  law  is  predicted  by  substituting  Eq.  (2)  into 
Eq.  (3),  giving 


Ds(p)  -  (q/0)C2nk2Lv2^p. 


(4) 


Thus,  if  v/D  »  1,  then  Ds(p)  <x  p2  for  small  values  of  p;D§(p) 
a  p  for  intermediate  values  of  p;  finally,  for  asymptotically 
large  Reynolds  numbers,  Ds(p)  *  p5/3  for  large  values  of  p. 

The  function  5s(p)[p/(XL)1/2]_5/3  is  given  for  various  values 
of  (XL)1/2/Ib  in  Figs.  7  and  8  as  determined  from  the  spectra 
of  Figs.  1  and  2.    The  region  at  large  p  where  the  function 
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FIG.  8.  Structure  function  of  phase  normalized  by  its  large-p  asymptotic 
form.  Curves  are  computed  from  the  spectrum  of  salinity  fluctuations  in 
water. 


tends  to  unity  is  the  Ds(p)  <*  p5/3  power  law  region.  The 
Ds(p)  <*  p2  law  is  accurate  for  p/lB  <  2.0.  The  pronounced 
bump  in  the  structure  function  of  phase  is,  of  course,  caused 
by  the  viscous-convective  range  in  the  spectra.  The  bump  is 
much  larger  in  these  figures,  corresponding  to  v/D  =  7.0  and 
700,  than  the  bump  predicted  for  temperature  fluctuations 
in  air,10  corresponding  to  v/D  =  0.72. 

In  Figs.  9  and  10  the  structure  function,  normalized  by  the 
asymptotic  form  in  Eq.  (4),  is  given  as  determined  from  the 
temperature  and  salinity  spectra  of  Figs.  1  and  2,  respectively. 
If  these  curves  are  flat  at  intermediate  values  of  p  then  the 
power  law  in  Eq.  (4)  holds.  Figure  9  shows  that  v/D  =  7.0  is 
not  large  enough  for  Eq.  (4)  to  be  valid.  Figure  10  shows  a 
somewhat  flat  portion  for  v/D  -  700  and  20  <  p/lB  <  200; 
however,  one  needs  v/D  »  700  for  Eq.  (4)  to  be  accurate.  For 
small  values  of  (\L)l/2/lB,  namely,  (\L)1/2/lB  =  8.0, 15.0,  and 
30.0.  Figure  10  shows  that  the  constant  of  proportionality  for 
Eq.  (4)  is  approximately  unity.  On  the  other  hand  for  large 
values  of  (\L)1/2/lB,  namely,  (\L)Vi/lB  =  3000,  this  propor- 
tionality constant  is  seen  to  be  about  %.  This  change  in  the 
proportionality  constant  by  a  factor  of  2.0  is  caused  by  the  fact 


that  for  k  within  the  viscous-convective  range  the  factor  [1  + 
(k/K2L)  sin(*2L/fe)]  inEq.  (3)  changes  from  a  value  of  2.0  for 
small  (XL)1/2//b  to  a  value  oscillating  about  1.0  for  large 
{\L)U2/lB.  For  intermediate  (\L)l/2/lB,  specifically  (XL)- 
1/2/Ib  =  200  in  Fig.  10,  this  factor  changes  from  2.0  to  nearly 
1.0  within  the  viscous-convective  range. 

As  noted  previously,  the  structure  function  of  phase  is 
sensitive  to  outer  scale  effects  for  optical  propagation  in  tur- 
bulent air,  v/D  =  0.72.  This  sensitivity  is  greatest  at  large  p, 
but  it  extends  even  to  small  values  of  p  where  Ds(p)  «  p2. 10 
The  reason  for  this  sensitivity  is  that  for  4>n(«)  «  k~u/3  the 
integrand  in  Eq.  (3)  increases  as  k_2/3  for  small  «.  If,  on  the 
other  hand,  v/D  »  1  and  the  integrand  in  Eq.  (3)  is  dominated 
by  a  viscous-convective  or  viscous-diffusive  range  then  the 
spectrum  4>n(«)  <*  k~3  gives  a  much  better  rejection  of  outer 
scale  effects  than  does  the  k_11/3  spectrum.  Consequently, 
for  v/D  »  1  and  p  ^  IOj;  the  structure  function  of  phase  is  in- 
sensitive to  outer  scale  effects.  Of  course,  if  p  is  so  large  that 
one  would  have  D$(p)  a  p&/z  for  asymptotically  large  Reynolds 
numbers,  then  the  structure  function  is  sensitive  to  outer  scale 
effects  if  v/D  »  1  because  the  spectrum  4>„  U)  <*  K~11/3  domi- 
nates the  structure  function. 

V.  COHERENCE  LENGTH  FOR  PLANE  WAVES 

The  coherence  length  po  is  the  length  transverse  to  the 
propagation  direction  over  which  the  phase  is  coherent.  For 
plane  waves,  p0  is  obtained  from 


X 


1  =  4tt2^2L  [l-J0(«Po)]*nU)«d«. 


(5) 


The  coherence  length  depends  on  the  parameter  YB  = 
k2LCnlB/3  as  well  as  on  the  parameters  that  govern  the  shape 
of  $„(").  e.g.,  v/D  and  the  outer  scale.  If  YB  is  small  then 
*„(«)  may  be  approximated  as  being  proportional  to  k_11/3 
providing  the  outer  scale  is  very  large;  in  this  case,  Yura12 
shows  that  po  is  proportional  to  p\  =  (k  2C2L  )_3/5.  If  YB  is  so 
large  that  the  dissipation  range  of  <!>„  (k)  dominates  in  Eq.  (5) 
then  po  is  proportional  to12  p2  ■  [k2LC2jBU3)-1/2.  If  YB  has 
an  intermediate  value  and  if  v/D  »  1,  then  <!>„(>c)  may  be  ap- 
proximated by  its  viscous-convective  range  formula  in  Eq.  (2). 
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Substitution  of  Eq.  (2)  into  Eq.  (5)  gives  a  new  asymptotic 
form  for  the  coherence  length,  namely 

03  =  0.77  0q-l[k*LC*r,2<3]-1. 

The  coherence  length  scaled  by  the  three  asymptotic  forms 
Pi,  pi,  and  P3  is  presented  in  Figs.  11  and  12  as  determined 
from  the  temperature  fluctuation  spectrum  in  Fig.  1  and  from 
the  salinity  fluctuation  spectrum  in  Fig.  2.  The  regions  in 
Figs.  11  and  12  where  the  curves  are  flat  gives  the  values  of  Yb 
for  which  the  asymptotic  forms  are  valid.  It  is  seen  that  the 
Po/pi  curves  are  flat  for  small  Yb,  and  the  pn/p2  curves  are  flat 
for  large  Yb-  For  temperature  fluctuations  in  water  (v/D  = 
.7.0),  Fig.  11  shows  that  po/ps  is  not  constant  for  any  Yb-  For 
salinity  fluctuations  in  water  (v/D  =  700),  Fig.  12  has  a  polpz 
curve  that  bends  toward  becoming  constant.  Therefore,  in 
order  to  have  a  range  of  Yb  in  which  po  «  pz  one  needs  v/D 
much  larger  than  700  so  that  the  viscous-convective  range  in 
$„(k)  is  much  more  extensive  than  for  salinity  fluctuations. 

For  the  coherence  length,  the  viscous-convective  range, 
where  $„(«)  a  *~3.  gives  a  better  rejection  of  outer  scale  effects 
than  does  the  inertial-convective  range  where  <&„(«)  «  «~u/3. 
This  same  effect  was  noted  for  the  structure  function  of  phase 
in  the  previous  section.  In  the  case  of  temperature  fluctua- 
tions in  air  (v/D  =  0.72),  <i>„  (x)  has  no  viscous-convective  range; 
the  spectrum  only  just  begins  to  enter  a  viscous-convective 
range  before  diffusion  causes  the  spectrum  to  decrease.  For 
the  case  of  air,  Hill  and  Clifford10  show  that  the  coherence 
length  is  affected  by  the  outer  scale  even  for  large  k  2LCjj/o/3. 
where  lo  the  inner  scale  for  temperature  fluctuations  in  air. 
On  the  other  hand,  for  v/D  »  1  and  for  large  Yb  where  po  « 
P2,  the  coherence  length  is  insensitive  to  the  outer  scale  be- 
cause of  the  existence  of  an  extensive  viscous-convective 
range. 

The  propagation  distance  Zb  at  which  p0  =  Ib  is  now  de- 
termined. Now  po  =  Ib  implies  po/p2  =  (fe2ZBC^^3)1/2,  and 
the  P0/P2  curves  on  Figs.  11  and  12  may  be  read  to  give 


ZB  =  0.135(fc2C2/|/3)" 


for  v/D  =  700. 


VI.     CONCLUSIONS 

The  spectrum  of  refractive-index  fluctuations  is  different 
in  different  fluids.  The  spectrum  is  also  different  if  different 
quantities  (e.g.,  temperature  versus  salinity)  are  responsible 
for  refractive  index  fluctuations  within  the  same  fluid  (e.g., 
water).  The  implications  for  optical  propagation  through 
temperature  and  salinity  fluctuations  in  water  are  discussed 
in  this  paper.  However,  the  same  type  of  propagation  effects 
can  occur  in  other  fluids.  For  instance,  v/D  ~  5  X  103  for 
temperature  fluctuations  in  glycerine;  consequently  the 
variance  of  log-intensity  and  structure  function  of  phase  would 
have  even  larger  bumps  from  temperature  fluctuations  in 
glycerine  than  for  salinity  fluctuations  in  water  (v/D  =  700). 
On  the  other  hand,  v/D  m  18  for  temperature  fluctuations  in 
ethanol.  Consequently,  the  corresponding  curves  for  variance 
of  log-intensity,  covariance  function  of  log-amplitude,  struc- 
ture function  of  phase,  and  coherence  length  would  lie  between 
the  curves  depicted  here  for  temperature  (v/D  =  7.0)  and  sa- 
linity (v/D  =  700)  fluctuations  in  water.  Because  of  the 
variability  of  the  spectrum  of  refractive -index  fluctuations 
for  different  fluids  and  different  advected  quantities,  optical 
propagation  through  different  fluids  and  advected  quantities 
can  be  used  as  a  testing  ground  for  the  theory  of  optical 
propagation  in  turbulent  media  as  well  as  for  the  theory  of 
turbulent  advection.  In  fact,  it  is  suggested  that  measurement 
of  the  variance  of  log-intensity  can  be  used  to  determine 
Batchelor's  constant  if  v/D  »  1. 

The  spectrum  of  refractive-index  fluctuations  can  have  an 
even  more  unusual  behavior  than  that  portrayed  in  Figs.  1  and 
2  if  more  than  one  quantity  is  involved  in  determining  the 
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refractive-index  fluctuations.  Consider,  for  instance,  tur- 
bulent water  containing  both  temperature  and  salinity  fluc- 
tuations. Suppose  that  C\  »  C%,  where  Cf  is  the  structure 
parameter  of  salinity  fluctuations.  Then  the  refractive-index 
spectrum  can  be  dominated  by  the  temperature  spectrum  for 
art  :S  2.0  but  be  dominated  by  the  salinity  spectrum  for  kjj  £ 
2.0.  In  this  event  the  refractive-index  spectrum,  when 
graphed  as  in  Figs.  1  and  2,  can  have  a  double-bump  appear- 
ance, and  the  variance  of  log-intensity,  when  plotted  as  in  Figs. 
3  and  4,  can  also  have  a  double-bump  appearance.  Clearly, 
the  interpretation  of  optical  propagation  experiments  in 
turbulent  water  and  other  fluids  requires  the  ability  to  predict 
the  shape  of  the  spectra  of  adverted  quantities. 
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Recent  experiments  reveal  the  high-wave-number  form  of  the  power  spectrum  of  temperature 
fluctuations  in  turbulent  flow.  It  is  precisely  this  high-wave-number  portion  of  the  temperature 
spectrum  that  strongly  affects  optical  propagation  in  the  atmosphere.  An  accurate  model  of  the 
spectra  of  advected  quantities,  such  as  temperature,  has  been  developed  and  is  applied  here  to  optical 
propagation.  An  outstanding  feature  of  the  model  and  the  observed  temperature  spectrum  is  a 
"bump"  at  high  wave  numbers.  The  accurate  model  of  the  temperature  spectrum  is  used  to  compute 
the  temperature  structure  function,  the  variance  of  log  intensity  as  a  function  of  Fresnel-zone  size, 
the  covariance  function  of  log  amplitude,  the  structure  function  of  phase,  as  well  as  the  phase 
coherence  length.  These  results  are  compared  with  the  predictions  of  Tatarskii's  spectrum.  The  bump 
in  the  temperature  spectrum  produces  a  corresponding  bump  in  the  temperature  structure  function, 
the  variance  of  log  intensity,  and  the  structure  function  of  phase.  The  accurate  model  is  also  used 
to  determine  the  shape  of  the  structure  function  of  aerosol  concentration  fluctuations;  it  is  found  that 
this  structure  function  varies  as  the  logarithm  of  the  separation  distance  for  small  separations. 


I.     INTRODUCTION 

Accurate  measurements  of  the  spatial  power  spectrum 
of  temperature  fluctuations  in  the  atmospheric  surface  layer 
have  been  performed  by  Champagne  et  al. '  and  by  Williams 
and  Paulson.2  These  measurements  reveal  that  at  high  wave 
numbers  the  temperature  spectrum  decreases  less  rapidly 
than  predicted  by  the  k~u/3  law  of  Oboukhov3  and  Corrsin4; 
of  course,  at  yet  higher  wave  numbers  the  temperature  spec- 
trum decreases  rapidly  due  to  the  diffusion  of  heat.  Several 
theoretical  models  of  the  scalar  transfer  spectrum  for  quan- 
tities advected  by  turbulent  flow  have  been  developed  by  Hill.5 
When  applied  to  temperature  fluctuations  in  air,  one  of  these 
models  is  in  excellent  agreement  with  the  data  of  Champagne 
et  al. l  and  of  Williams  and  Paulson.2  There  now  exists  an 
accurate  model  of  the  temperature  spectrum  for  use  in  cal- 
culating quantities  relevant  to  optical  propagation  through 


turbulence.  Moreover,  the  scalar  spectral  model  is  capable 
of  predicting  the  form  of.such  spectra  as  the  humidity  spec- 
trum and  the  temperature-humidity  cospectrum.  Hill6  uses 
the  predicted  forms  of  the  temperature  spectrum,  humidjty 
spectrum,  and  the  temperature-humidity  cospectrum  to 
predict  the  form  of  the  spectrum  of  refractive  index  fluctua- 
tions. 

Our  knowledge  of  temperature  fluctuations  in  turbulent 
flow  has  undergone  recent  advances  from  both  the  experi- 
mental and  theoretical  standpoints.  The  purpose  of  this 
paper  is  to  present  the  implications  of  these  recent  advances 
to  optical  propagation  through  the  turbulent  atmosphere.  It 
is  assumed  that  the  refractive  index  fluctuations  are  due  en- 
tirely to  temperature  fluctuations. 

The  notation  we  use  is  as  follows:    BJp),  covariance  func- 
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tion  of  log  amplitude;  Cl,  refractive-index  structure  param- 
eter; Cj-,  temperature  structure  parameter;  Ds{r),  structure 
function  of  an  advected  scalar  having  arbitrary  v/D;  Drir), 
temperature  structure  function;  Ds(p),  structure  function  of 
phase;  Ds(p),  normalized  structure  function  of  phase  defined 
by  Eq.  (11);  D,  diffusivity,  in  particular  that  of  heat  in  air;  k 
=  2tt/A,  optical  wave  number;  L,  path  length;  /o,  inner  scale 
for  temperature  fluctuations  in  air,  defined  by  Eq.  (4);  Pr  = 
v/D,  Prandtl  number,  Pr  =  0.72  for  air;  r,  spatial  separation; 
Zi,  propagation  distance  at  which  p0  =  'o;  (3  —  0.72,  Obou- 
khov-Corrsin  constant  for  the  inertial-convective  range;  c,  rate 
of  dissipation  of  turbulent  kinetic  energy;  -q  =  (c3/c)I/'4,  Kol- 
mogorov  microscale;  k,  spatial  wave  number;  «m  =  5.92//o;  * 
=  do,  dimensionless  spatial  wave  number;  X,  optical  wave- 
length; v,  kinematic  viscosity;  p,  spatial  separation  parallel  to 
the  wave  front;  po,  lateral  coherence  length;  pt  =  (fc2C2L)~3/5; 
p2  =  [JfeL1/2(C^)1/2io1/6]-1;  al,,  variance  of  log  intensity;  afnh 
variance  of  log  intensity  normalized  by  its  large-Fresnel-zone 
asymptotic  formula;  *„(«),  three-dimensional  spatial  power 
spectrum  of  refractive  index  fluctuations;  *s(k),  three-di- 
mensional spatial  power  spectrum  for  a  scalar  having  arbitrary 
v/D;  <J>rU),  three-dimensional  spatial  power  spectrum  of 
temperature  fluctuations;  4>7<(k)  =  47rx~1c1/3'7~11/3<I)r('<)>  di- 
mensionless form  of  ^-H*);  X.  rate  of  dissipation  of  tempera- 
ture variance. 

II.     SPECTRUM  OF  TEMPERATURE 
FLUCTUATIONS 

In  the  inertial-convective  range  the  three-dimensional 
spatial  power  spectrum  of  temperature  fluctuations  is 


<M")  =  (4ir)-10xe~1/3*~u/3, 


(1) 


where  x  is  the  rate  of  dissipation  of  mean-squared  tempera- 
ture fluctuations  and  c  is  the  rate  of  viscous  dissipation  of 
turbulent  kinetic  energy  per  unit  mass  of  fluid.  The  mea- 
surements of  the  Oboukhov-Corrsin  constant  f3  are  reviewed 
by  Hill,5  and  the  value  j3  =  0.72  is  recommended.  In  the  ab- 
sence of  observational  support,  Tatarskii7  assumed  that  the 
temperature  spectrum  in  the  inertial-convective  and  dissi- 
pation ranges  could  be  represented  by 


*T(«)  =  (4ir)-1/3x£_1/3^11/3exp(-K2/^), 


(2) 


which  is  simply  Eq.  (1)  with  a  Gaussian  cutoff  at  high  wave 
numbers. 

The  inertial-convective  range  [Eq.  (1)]  is  just  one  of  four 
high-wave-number  ranges  that  are  possible  for  scalar  quan- 
tities (e.g.,  temperature,  humidity,  salinity)  advected  by 
high-Reynolds-number  turbulence.  If  the  diffusivity  D  is 
much  smaller  than  the  kinematic  viscosity  v,  then  there  is  a 
range  of  wave  numbers  where  viscosity  is  important  to  the 
energy  spectrum  but  convection,  not  diffusion,  is  important 
to  the  scalar  spectrum;  this  range  is  called  the  viscous-con- 
vective  range.  At  yet  higher  wave  numbers  diffusion  causes 
the  scalar  spectrum  to  decrease  rapidly;  this  is  the  viscous- 
diffusive  range.  On  the  other  hand,  if  D  »  v  then  diffusion 
reduces  the  scalar  spectrum  at  wave  numbers  within  the  in- 
ertial  range  of  the  energy  spectrum;  this  is  termed  the  iner- 
tial-diffusive  range. 

Batchelor8  predicted  that  the  spatial  power  spectrum  has 
a  k-3  power  law  in  the  viscous-convective  range,  which  is  less 


rapidly  decreasing  than  the  «-u/3  power  law  for  the  inertial- 
convective  range  [Eq.  (1)].  Batchelor's  prediction  has  been 
verified  experimentally  by  Grant  et  a/.9  and  Gibson  et  al. I(l 
A  review  of  the  theory  and  experiment  on  scalar  advection  is 
given  by  Hill.5 

Experiments  have  consistently  shown5  that  the  transition 
from  the  inertial-convective  to  viscous-convective  range  occurs 
at  a  relatively  low  wave  number  of  about  0.054/?),  where  i\  = 
(e3/e)1/4  is  the  Kolmogorov  microscale.  This  implies  that  even 
for  temperature  fluctuations  in  air,  where  v/D  is  only  0.72,  the 
spectrum  <I>t(k)  will  just  begin  to  enter  a  viscous-convective 
range  before  it  is  cut  down  by  diffusion  at  yet  higher  wave 
numbers.  It  will  be  shown  that  this  effect  gives  rise  to  a  bump 
in  the  spectrum  of  temperature  fluctuations  in  air. 

Several  models  of  the  scalar  spectrum  have  been  developed 
by  Hill5  These  models  are  applicable  for  arbitrary  v/D  and 
are  well  behaved  in  all  four  of  the  high-wave-number  ranges 
(i.e.,  the  inertial-convective,  inertial-diffusive,  viscous-con- 
vective, and  viscous-diffusive  ranges).  In  particular  these 
models  have  the  k_11/3  power  law  in  the  inertial-convective 
range  and  the  k~3  power  law  in  the  viscous-convective  range. 
An  accurate  model  of  the  spectrum  of  fluctuations  of  advected 
quantities  in  high-Reynolds-number  turbulence  is  generated 
by  solving  the  following  second-order,  linear,  homogeneous 
differential  equation  (model  4  of  Hill5): 


d  d 

—  H(k)  —  <Mk)  =  2Dk4^t(k), 


(3a) 


H(k)  =  (3/ll)/r1£1/V4/3[(/</«t)2'>  +  i]-i/(3M        (3b) 

J  =  0.072/jj,     6  =  1.9.  (3c) 

This  model  is  called  a  diffusion  model  and  reduces  to  Leith's 
diffusion  approximation11  in  the  inertial-convective  and  in- 
ertial-diffusive ranges  and  it  reduces  to  Kraichnan's  model12 
in  the  viscous-convective  and  viscous-diffusive  ranges.  When 
applied  to  temperature  fluctuations  in  air,  Eqs.  (3a),  (3b),  and 
(3c)  produce  a  temperature  spectrum  that  is  in  excellent 
agreement5  with  the  measured  temperature  spectrum  of 
Champagne  et  al.1  The  choice  of  the  parameters  k1  and  b  in 
Eq.  (3c)  arises  from  comparing  the  model  with  the  data  of 
Champagne  et  al.1;  d  parameterizes  the  position  and  6  par- 
ameterizes the  width  of  the  transition  between  the  inertial- 
convective  and  viscous-convective  ranges  for  v  »  D. 

In  Fig.  1  we  plot  47rx_1c1/3K11/3<i>r(/()  as  a  function  of  the 
scaled  wave  number  (kj/).  The  solid  curve  is  the  accurate 
model  spectrum  from  Eq.  (3a)  whereas  the  dashed  curve  is  the 
Tatarskii  model  from  Eq.  (2).  The  outstanding  feature  il- 
lustrated in  Fig.  1  is  the  pronounced  bump  in  the  temperature 
spectrum  which  is  not  represented  by  the  Tatarskii  spectrum. 
This  spectral  bump  is  present  in  the  data  obtained  by 
Champagne  et  al. '  and  by  Williams  and  Paulson.2  The  bump 
is  interpreted  by  Hill5  as  being  the  beginning  of  a  viscous- 
convective  range  at  lower  wave  numbers  than  the  wave 
numbers  at  which  diffusion  strongly  decreases  the  tempera- 
ture spectrum.  Reference  to  Eq.  (1)  shows  that  the  curves  in 
Fig.  1  must  tend  to  the  constant  (3  for  wave  numbers  in  the 
inertial-convective  range.  The  curves  in  Fig.  1  are  universal 
in  the  sense  that  they  do  not  change  with  changes  in  x  or  c  (i.e., 
with  changes  in  Cf).  The  immediate  implication  of  the  bump 
in  the  temperature  spectrum  is  that  there  is  enhanced  optical 
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FIG.  1 .  Spatial  power  spectrum  ♦  r  of  temperature  fluctuations  in  air  (v/D 
=  0.72).  The  solid  curve  is  the  accurate  model;  the  dashed  curve  is  the 
Tatarskii  model. 


scintillation  when  the  Fresnel  zone  size  lies  at  a  length  scale 
corresponding  to  the  bump. 

Hill6  uses  the  model  in  Eqs.  (3a),  (3b),  and  (3c)  to  show  that 
the  spectrum  of  humidity  fluctuations  and  the  temperature- 
humidity  cospectrum  also  have  a  bump.  Hill6  uses  the  model 
temperature  and  humidity  spectra  and  the  temperature- 
humidity  cospectrum  to  predict  the  high-wave-number  shape 
of  the  refractivity  spectrum.  The  refractivity  spectrum  then 
also  has  a  bump.  In  the  following  it  is  assumed  that  tem- 
perature fluctuations  dominate  the  refractivity  fluctuations 
for  optical  wavelengths  and  the  contribution  of  humidity 
fluctuations  is  neglected. 

III.     TEMPERATURE  STRUCTURE  FUNCTION,  THE 
INNER  SCALE  AND  MICROSCALE 

The  inner  scale  Iq  is  defined  as  the  spacing  r  at  which  the 
large-r  and  small-r  asymptotic  forms  of  the  temperature 
structure  function  are  equal,  thus 


C2Tll/3=(x/6D)ll 


(4) 


The  relationship  between  the  structure  function  Dr(r)  and 
the  spectrum  4>r(«)  is 


DT(r)  -  8*  JJ  (l  -  s™^rj  qt{k)k2  dK_ 


(5) 


Substitution  of  the  inertial-convective  range  form  for  4>r  gives 
the  relationship  between  C\  and  the  dissipation  rates 


Cf  =  (9/lO)r(l/3)0x*-1/3, 


(6) 


where  T  is  the  gamma  function.    Then  Eqs.  (4)  and  (6)  give 
the  ratio 


Jo/i»=[270r(l/3)/5PrP>« 
=  7.4     for  air. 


(7) 


An  expression  equivalent  to  Eq.  (7)  is  given  by  Tatarskii.13 
The  Kolmogorov  microscale  jj  can  be  measured  by  a  deter- 
mination oft;  then  Eq.  (7)  gives  lo- 

The  purpose  of  defining  /0  by  Eq.  (4)  is  that  /0  is  a  measure 
of  the  spacing  at  which  Dr(r)  begins  to  decrease  because  of 
the  diffusion  of  heat.    Batchelor8  showed  that  for  v/D  «  1  the 
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FIG.  2.  Temperature  structure  function  from  both  the  accurate  model 
spectrum  and  the  Tatarskii  spectrum. 

length  scale  at  which  diffusion  is  important  is  Corrsin's  scale 
lc  =  (D3/c)1/4.    Equation  (7)  gives  lo  proportional  to  lc 

l0  -  [270r(l/3)/5]3/4/c  -  5-4/c- 

For  v/D  »  1,  Batchelor8  showed  that  the  appropriate  diffusion 
length  scale  is  Batchelor's  scale  Ir  =  (D  Ve)1/4.  If  v/D  »  1, 
then  Iq  «  Ib-  Thus  Iq  is  not  an  appropriate  diffusion  length 
scale  if  v/D  »  1,  two  cases  being  temperature  fluctuations  in 
water  v/D  at  8  and  salt  fluctuations  in  water  v/D  ~  700.  The 
reason  that  Iq  is  not  appropriate  for  v/D  »  1  is  that  the  vis- 
cous-convective  range  lies  at  length  scales  intermediate  to 
those  where  the  structure  function  varies  as  r2/3  and  r2;  in  this 
case  Eq.  (4)  is  not  an  appropriate  definition  of  a  diffusion 
length  scale. 

Equation  (5)  can  be  used  to  compute  the  structure  function 
from  the  model  spectra  <i>r.  Figure  2  presents  the  structure 
functions  for  temperature  fluctuations  in  air  determined  from 
both  the  accurate  model  spectrum  and  from  Tatarskii's  model. 
The  bump  in  the  temperature  spectrum  produces  corre- 
spondingly larger  values  of  Dj-  for  r  near  2/0,  than  Dt  calcu- 
lated from  Tatarskii's  spectrum.  Figure  2  shows  that  the 
inertial-convective  range  where  Dr(r)  «  r2/3  lies  at  r  > 
20/0. 

For  laboratory  experiments  of  typically  modest  Reynolds 
number  the  outer  scale  effects  are  important  at  spacings  of 
roughly  20/o-  In  this  case,  one  does  not  expect  to  see  a  range 
where  Dr(r)  «  r2/3  In  order  to  simulate  outer  scale  effects 
for  a  modest  Reynolds  number  experiment,  the  structure 


From  Accurate 
Model  Spectrum 
From  Tatarskii's 
Spectrum  , 

i    I   I  i  I  ;m — 


r/f0 

FIG.  3.     Same  as  Fig.  2  but  with  an  outer  scale  spectral  cutoff  typical  of 
a  modest  Reynolds  number  experiment. 
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function  is  calculated  by  multiplying  the  spectra  in  Fig.  1  by 
an  ad  hoc  outer  scale  cutoff  given  by  exp[-(10"2Ai?)2].  The 
resulting  Dt  is  presented  in  Fig.  3.  At  modest  Reynolds 
numbers  Dt  approaches  a  constant  for  r  5;  20Zo  and  becomes 
tangent  to  the  r2/3  law  near  r  =  2/o-  Given  some  scatter  in  the 
data,  if  the  data  are  plotted  on  a  notoriously  insensitive  log-log 
plot  with  a  straight  line  of  slope  2/3  superimposed,  then  the 
data  appear  to  have  an  r2/3  behavior.  However,  this  is  just  an 
illusion  since  the  structure  function  is  merely  passing  tangent 
to  the  2/3  slope.  High-Reynolds-number  turbulence  is 
needed  to  observe  a  true  inertial-convective  range. 

IV.     STRUCTURE  FUNCTION  OF  AEROSOL 
CONCENTRATION  FLUCTUATIONS 

In  the  viscous-convective  range  the  scalar  spectrum  has  the 
k~3  power  law,  but  the  corresponding  viscous-convective  range 
in  the  structure  function  is  surprisingly  not  a  power  law  in  r. 
If  the  k~3  power  law  is  substituted  into  Eq.  (5)  then  the 
structure  function  is  seen  to  be  independent  of  r,  (i.e.,  it  is  a 
constant);  however,  the  remaining  integral  is  logarithmically 
divergent  at  large  wave  numbers.  Therefore,  the  form  of  the 
structure  function  in  the  viscous-convective  range  depends 
on  the  form  of  the  spectrum  in  both  the  viscous-convective 
and  viscous-diffusive  ranges.  Thus  the  structure  function  is 
not  independent  of  r  in  the  viscous-convective  range;  its  de- 
pendence on  r  depends  on  the  dissipation  range  of  the  spec- 
trum. 

The  model  spectrum  from  Eqs.  (3a),  (3b),  and  (3c)  can  be 
used  to  generate  a  structure  function  of  a  scalar  quantity  D„  (r ) 
for  arbitrary  v/D.  The  limiting  form  of  the  structure  function 
in  the  viscous-convective  and  viscous-diffusive  ranges  can  be 
obtained  from  the  asymptotic  solutions  of  Eqs.  (3a),  (3b),  and 
(3c).  For  a  viscous-convective  and  viscous-diffusive  range  we 
need  k  » /tt  and  v  »  D  in  which  case  the  solution  of  Eqs.  (3a), 
(3b),  and  (3c)  reduces  to 


where 


and 


*.(«)  =  (5x/4*A)«-3(l  +  kIs)  exp(-Kls), 


A  =  (45/1 1/3)  iWHe/p)1'2  =  1.0  (c/v)1'2 


/,  =  (22m)U2(^)-mlB  =  5.5/b. 


A    Jo     \  ur/l,     I 


The  length  scales  /s  and  Is  are  length  scales  at  which  diffusion 
is  important.  From  Eq.  (5)  the  viscous-convective  and  vis- 
cous-diffusive ranges  in  the  structure  function  are  given  by 

10_X    ["/.      sin(ur/ls)> 
A    Jo     \  ur/l, 

=  (5X/A)  ln[l  +  (r/l$n 

For  r  in  the  viscous-diffusive  range,  i.e.,  r  «  ls,  then  power 
series  expansion  of  the  logarithm  gives  Ds{r)  «  r2,  as  is  ex- 
pected from  Eq.  (5)  when  the  sine  function  is  expanded  in 
power  series.  In  the  viscous-convective  range  lB  «  r  «  (k*)-1, 
so  (r/l, )2  »  1  and  Ds (r)  <*  ln(r/Z„ ).  Thus  the  structure  func- 
tion for  v/D  »  1  varies  as  r2/3  in  the  inertial-convective  range 
[r  »  ((ct)-1].  changes  to  logarithmically  decreasing  in  the 
viscous-convective  range  (ls  «  r  «  (»tt)~1),  and  changes  once 
again  to  the  r2  power  law  in  the  viscous-diffusive  range  (r  « 
I.). 


Fluctuations  in  the  concentration  of  aerosol  particles  are 
responsible,  in  part,  for  variations  in  the  scattered  intensity 
of  light  propagating  in  turbulent  media.  The  structure 
function  of  aerosol  concentration  fluctuations  has  been 
measured  by  Post  and  Lerfald14  using  optical  methods.  The 
structure  function  of  aerosol  concentration  fluctuations  is  not 
the  only  quantity  needed  to  describe  the  variations  in  scat- 
tered power  since  spatial  fluctuations  in  the  size  distribution 
and  particle  concentration  also  effect  the  scattered  power. 

Aerosols  are  an  example  of  a  very  slowly  diffusing  quantity 
(i.e.,  D  «  v).  Therefore,  aerosol  concentration  fluctuations 
will  exhibit  a  viscous-convective  range  at  small  length  scales. 
We  estimate  that  v/D  at  107  for  a  particle  having  a  radius  of 
1  fim;  this  estimate  is  based  on  the  elastic  spheres  approxi- 
mation for  collisions  of  the  particles  with  air  molecules.  Then 
the  length  scale  ls  is  roughly  2  X  10~4/o-  If /o  =  1  cm  then  ls 
is  roughly  the  particle  diameter,  namely  2  fim.  Of  course,  this 
diffusion  length  scale  is  meaningless  since  the  interparticle 
spacing  is  much  larger,  and  the  aerosols  cannot  be  treated  as 
a  continuum  on  length  scales  smaller  or  on  the  order  of  the 
interparticle  spacing.  For  103  particles  per  cubic  centimeter 
the  interparticle  spacing  is  0.1  cm. 

It  is  now  simple  to  predict  the  shape  of  the  structure  func- 
tion of  aerosol  concentration  fluctuations.  For  r  >  102/o,  the 
aerosol  structure  function  varies  as  r2/3;  whereas  for  r  <  10/o, 
but  greater  than  the  interparticle  spacing,  the  aerosol  struc- 
ture function  behaves  as  ln(r).  For  r  less  than  the  interpar- 
ticle spacing  the  aerosol  structure  function  is  undefined.  For 
IOIq  <  r  <  102/o  the  aerosol  structure  function  makes  a  tran- 
sition between  the  r2/3  and  ln(r)  forms.  The  spacings  10/o  and 
102/o,  which  mark  the  limits  of  validity  of  the  asymptotic 
forms  r2/3  and  ln(r),  were  found  by  calculations  of  the  struc- 
ture function  for  v/D  »  1  using  the  model  in  Eqs.  (3a),  (3b), 
and  (3c). 

V.     VARIANCE  OF  LOG  INTENSITY 

For  a  spherical  wave  propagating  through  homogeneous 
turbulence  the  variance  of  log  intensity  is  given  by  Eq.  (T8) 
of  Lawrence  and  Strohbehn15 

<r2n/=  8ir2/e2L    f"  F(x)<MkWk, 

where 

F(x)  =l-x~1  [cos(ttx2/2)C(x)  +  sin(wx2/2)S(x)] 

and 

x  =  (K2L/2Trk)l/2, 

where  L  is  the  path  length,  k  =  2ir/X,  X  is  the  optical  wave- 
length, and  C(x)  and  S(x)  are  the  Fresnel  integrals.  These 
expressions  assume  point  apertures  and  weak  refractive  tur- 
bulence, i.e.,  unsaturated  scintillation. 

For  asymptotically  large  Fresnel  zone  size,  V\L/Iq  »  1,  the 
variance  of  log  intensity  becomes 


al,  =  AC2nk'1  l*L"ls, 


(8) 


where  A  =  0.50  for  spherical  waves  and  A  =  0.123  for  plane 
waves.    A  convenient  normalized  variance  is  b\nl  given  by 

aL  =  oL/lAC*kV*L™]- 
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FIG.  4.  Variance  of  log  intensity  for  negligible  saturation.  Solid  curve: 
spherical  waves,  accurate  model;  dashed  curve:  spherical  waves,  Tatarskii 
model;  A:  plane  waves,  accurate  model;  X:  plane  waves,  Tatarskii 
model. 


The  normalized  variance  is  given  in  Fig.  4  as  a  function  of 
V\L/lo  for  both  spherical  and  plane  waves.  For  plane  waves 
the  formula  for  the  variance  of  log  intensity  is  four  times  Eq. 
(9)  (see  Sec.  VI)  evaluated  at  p  =  0.  The  normalized  variance 
tends  to  unity  for  V\L  »  lo-  For  small  ^/XL/lo  the  variance 
is  dominated  by  the  dissipation  range  of  <f>r  and  the  variance 
is  consequently  small.  For  increasing  \/~\L/lo  the  variance 
obtains  contributions  from  progressively  lower  wave  numbers 
where  $t  is  larger.  The  bump  in  the  temperature  spectrum 
produces  a  corresponding  bump  in  the  variance  of  log  inten- 
sity. This  bump  in  the  variance  is,  of  course,  absent  when  the 
Tatarskii  spectrum  is  used  to  predict  the  variance.  The  peak 
of  the  bump  in  the  variance  lies  at  slightly  smaller  VXL/lo  for 
plane  waves  than  for  spherical  waves. 

Consider  the  case  of  red  light  propagating  along  a  path  a  few 
meters  above  the  ground.  For  a  50  m  path  \/\L//o  may  be  as 
small  as  0.7.  For  a  500  m  path,  \Z\L/l0  may  be  as  large  as  6. 
Consequently,  lasers  used  on  short  paths  in  the  surface  layer 
are  typically  operating  on  the  steep  portion  of  the  solid  curve 
in  Fig.  4.  There  are  three  requirements  for  Eq.  (8)  to  apply. 
First,  the  turbulence  should  be  homogeneous.  Second,  sat- 
uration should  be  negligible.  Third,  from  Fig.  4,  VxL/lo 
should  be  greater  than  about  30.  For  red  light,  a  VXLHo 
value  of  30  would  require  a  path  length  of  roughly  150  km,  in 
which  case  saturation  and  inhomogeneity  would  be  important. 
For  infrared  light  having  X  at  10.6  p.m,  V~kL/l0  =  30  requires 
a  path  length  of  roughly  9  km.  Therefore  the  interpretation 
of  the  variance  of  log  intensity  in  terms  of  C„  is  never  exactly 
governed  by  the  limiting  formula  in  Eq.  (8). 


VI.     COVARIANCE  FUNCTION  OF  LOG 
AMPLITUDE 

For  a  plane  wave  propagating  through  homogeneous  tur- 
bulence the  covariance  function  of  log  amplitude  is  given  by 
Eq.  (T19)  of  Lawrence  and  Strohbehn15 

»,«-««  j;-(i-i*f) 

xJ0(icp)*nU)KdK.     (9) 
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FIG.  5.     Covariance  function  of  log  amplitude  for  plane  waves.    Soliti 
curves:    accurate  model;  dashed  curves:    Tatarskii  model. 


The  covariance  function  is  determined  from  both  the  accurate 
model  spectrum  as  well  as  the  Tatarskii  spectrum  and  is 
presented  in  Figs.  5  and  6.  Figure  5  contains  the  covariance 
function  for  \f\L/lo  —  0.3, 0.7, 7.0  whereas  Fig.  6  emphasizes 
the  small  p  behavior  for  V\L/l0  =  0.3, 0.7, 1.5,  and  7.0.  For 
the  smaller  values  of  \/\LHa  the  covariance  function  is  wider 
when  determined  from  the  accurate  model  spectrum  than 
when  determined  from  the  Tatarskii  spectrum.  For  s/^KL/Iq 
=  7  the  accurate  model  spectrum  gives  a  narrower  covariance 
function  than  does  the  Tatarskii  spectrum.  For  \/\L/lo  as 
large  as  50  there  is  essentially  no  difference  between  the  co- 
variance  functions  determined  from  the  two  model  spectra. 
The  Tatarskii  model  gives  a  covariance  function  that  becomes 
narrower  as  y/\L/lo  goes  from  small  values  to  large  values. 
The  accurate  model  spectrum  gives  a  covariance  function 
which  becomes  narrower  as  \/\L/lo  goes  from  small  values  to 
a  value  at  which  the  variance  of  log  intensity  (Fig.  4)  is  near 
its  maximum;  for  yet  larger  \/\L//o  the  covariance  function 
becomes  wider  and  approaches  a  limiting  width. 

VII.  STRUCTURE  FUNCTION  OF  PHASE 

For  a  plane  wave  propagating  in  homogeneous  turbulence 
the  structure  function  of  phase  Ds(p)  is  given  by  Eq.  (T32)  of 
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FIG.  6.     Covariance  function  of  log  amplitude  for  plane  waves.    Solid 
curves:    accurate  model;  dashed  curves:    Tatarskii  model. 
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FIG.  7.     Structure  function  of  phase  for  plane  waves  and  no  outer  scale. 
Solid  curves:    accurate  model;  dashed  curves:    Tatarskii  model. 


Lawrence  and  Strohbehn15 
Ds(p)  =  A**k2L  fj  [1  -  JoM] 

X[1  +  ^Z8in(V)]  *nMKdK-     (10) 

A  convenient  normalized  structure  function  of  phase  is 

Ds(p)  =  Ds(p)/2.92  Clk2LVTLb/z.  (11) 

For  f0  «  VXE  «  p,  Ds(p)  ^  (p/v^XE^3. 

The  structure  function  of  phase  is  computed  from  Eq.  (10) 
using  both  the  accurate  model  spectrum  and  Tatarskii's 
spectrum;  these  spectra  behave  like  k-u/3  to  arbitrarily  low 
wave  numbers.  Figure  7  presents  Ds(p)(pA/\L)_5/3  for 
several  values  of  \/\L/lo.  These  curves  must  all  tend  to  unity 
for  large  p;  the  flat  portions  of  the  curves  at  large  p  are  where 
Ds(p)  "  p5/3  holds.  The  bump  in  the  temperature  spectrum, 
<t>r,  produces  a  corresponding  bump  in  Ds(p)  which  lies  near 
p  =*  2/o-  Moreover,  Ds(p),  determined  from  the  accurate 
model  spectrum,  is  larger  at  small  p  than  Ds(p)  predicted  by 
the  Tatarskii  spectrum. 

Figure  8  gives  Ds(p)(p/\f\L)~2  for  two  values  of  V\L/lo- 
These  curves  are  flat  at  small  p  where  Ds(p)  <*  p2.    The  Ta- 
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FIG.  9. 
cutoff, 
model. 


Structure  function  of  phase  for  plane  waves  and  an  outer  scale 
Solid  curves:     accurate  model;   dashed   curves:     Tatarskii 


FIG.  8.  Structure  function  of  phase  (plane  waves,  no  outer  scale)  showing 
the  p2  dependence  at  small  p.  Solid  curves:  accurate  model;  dashed 
curves:    Tatarskii  model. 


tarskii  spectrum  predicts  too  small  a  value  for  Ds(p)  at 
asymptotically  small  p. 

It  is  well  known  that  the  structure  function  of  phase  is 
sensitive  to  the  form  of  4>n  at  low  wave  numbers.  The  spectra 
used  to  obtain  Fig.  7  have  no  outer  scale.  To  investigate  the 
effects  of  an  outer  scale  we  use  an  ad  hoc  assumption  for  an 
outer  scale  form  of  $7\  We  introduce  the  factor 
exp[— (10-4/<ci;)2]  into  $t\  this  low-wave-number  cutoff  is 
roughly  appropriate  for  a  height  of  several  meters  in  the  at- 
mospheric surface  layer.  The  resulting  structure  function  of 
phase  is  illustrated  in  Fig.  9.  The  only  difference  between 
Figs.  7  and  9  is  the  outer  scale  cutoff  used  for  Fig.  9. 

The  p5/3  power  law  at  large  p  is  absent  in  Fig.  9.  When  an 
outer  scale  cutoff  is  used,  Ds(p)  increases  more  slowly  than 
p5/3  at  large  p;  this  behavior  is  in  agreement  with  experiment 
(Clifford  et  al. 16  and  Pollaine  et  al. 17)  and  was  pointed  out 
theoretically  by  Consortini  and  Ronchi18  and  by  Consortini 
et  al. 19  In  Fig.  9  an  inflection  through  a  p5/3  power  law  ap- 
pears near  p  =  5/o  for  VJL/la  =  50.  This  apparent  power  law 
is  a  manifestation  of  the  combination  of  the  spectral  bump  and 
the  outer  scale  cutoff;  it  is  not  an  asymptotic  p5/3  range. 

Comparison  of  Figs.  7  and  9  shows  that  Ds(p)  is  smaller 
when  the  outer  scale  cutoff  is  used  than  when  the  cutoff  is  not 
used.  This  is  true  even  at  small  separations.  Consequently 
Dsip)  is  sensitive  to  the  inhomogeneous  and  anisotropic  na- 
ture of  turbulence  at  large  length  scales. 

VIII.     COHERENCE  LENGTH  FOR  PLANE  WAVES 

For  plane  waves  the  coherence  length  po  (the  distance 
transverse  to  the  propagation  axis  over  which  the  wave  is  co- 
herent) is  obtained  by  solving  the  following  equation: 

1  =  4x2*2L    f  "  [1  -  JoUpo)] *„(«)«  d/c. 

In  terms  of  the  dimensionless  wave  number  k  =  k10  and  the 
dimensionless  temperature  spectrum  $t(k)  this  equation 
becomes 

(J^LC2^3)"1  *  47r2(0.033//3)a0A»)-11/3 

xf  [1  -  J0(W*o)]*T(«)«d«.     (12) 
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FIG.  10.  Phase  coherence  length  scaled  by  both  p-,  and  p2  'or  both  an 
infinite  and  a  finite  outer  scale.  Solid  curves:  accurate  model;  dashed 
curves:    Tatarskii  model. 


This  result  shows  that  pq/Iq  is  a  function  only  of  k2LC2lo3. 

Yura20  shows  that  for  small  k2LCllo/3  the  coherence  length 
Po  is  proportional  to  p\  =  (/?2C2Z,)~3/5  in  the  absence  of  outer 
scale  effects;  whereas  for  large  fe2LC2/o/3the  coherence  length 
is  proportional  to  p2  =  [kLl/2(C2n)l/%UG\-1.  Yura21  shows  that 
when  the  outer  scale  effects  are  taken  into  account  po  tends 
to  infinity  as  k  2LC2Iq13  tends  to  zero. 

The  coherence  length  determined  from  Eq.  (12)  is  presented 
in  Fig.  10.  This  figure  gives  both  pn/pi  and  po/p2  as  functions 
of  k2LC2lo/3%,  the  solid  curves  are  calculated  using  the  accurate 
model  spectrum  whereas  the  dashed  curves  are  calculated 
using  the  Tatarskii  spectrum.  Furthermore,  Fig.  10  presents 
the  coherence  length  calculated  both  with  an  infinite  outer 
scale  as  well  as  with  the  outer  scale  cutoff  discussed  in  Sec.  VII. 
For  k2LC2l(/3  >  10  the  pn/p2  curves  tend  to  be  flat,  verifying 
the  asymptotic  relationship  po  <*  p2  predicted  by  Yura.20  For 
k  2LCHo3  <  0.01  the  po/pi  curve  is  flat  if  the  outer  scale  is  in- 
finite; this  verifies  the  asymptotic  relationship  po  <*  pi  pre- 
dicted by  Yura.  However,  when  the  outer  scale  cutoff  is  used 
there  is  no  region  where  po  *  p\.  The  po/pi  curve  that  includes 
the  outer  scale  effects  shows  that  po  increases  dramatically  for 
small  k  2LC2ll13  as  predicted  by  Yura.  Figure  10  shows  that 
the  presence  of  an  outer  scale  affects  the  coherence  length 
even  for  k 2LC2Iq13  »  10.  Consequently,  the  phase  coherence 
length  is  affected  by  the  inhomogeneous  and  anisotropic  na- 
ture of  temperature  fluctuations  at  the  large  length  scales. 

The  propagation  distance  Z;,  at  which  the  lateral  coherence 
length  is  equal  to  the  inner  scale,  satisfies21 

Z,  -  (k2C2J$3)-\ 

Since  p0  =  /« implies  po/p2  =  (fe2LC2/o/3)1/2,  it  follows  from  Fig. 
10  that,  for  plane  waves  and  infinite  outer  scale, 


Z,  =  0.12(k2C2J60'3)-\ 


(13) 


whereas  from  the  P0/P2  curve  that  includes  the  outer  scale 
cutoff  effect  we  have 

Zi  =  0.67(fe2C2^/3)~1.  (14) 

For  X  =  0.63  p.m,  /0  =  0.8  cm,  and  C2  =  10" 13  m~2/3  we  have  ZL 


=  226  m  and  210  m  from  Eqs.  (13)  and  (14),  respectively. 
Whereas,  if  X  =  10.6  pm,  then  Z,  =  6.4  X  104  m  and  5.9  X  104 
m  from  Eqs.  (13)  and  (14),  respectively.  The  abscissa  of  Fig. 
10  may  now  be  expressed  in  terms  of  the  ratio  of  the  propa- 
gation distance  L  to  Z,.    For  an  infinite  outer  scale 

k2LC2J§/3  =  0.12L/Z,, 

whereas  the  outer  scale  cutoff  gives 

/?2LC2/^3  =  0.67L/Zt. 


IX.     CONCLUSION 

Recent  theoretical  and  experimental  advances  have  pro- 
duced an  accurate  model  of  the  spectra  of  fluctuations  of  ad- 
vected  quantities  in  turbulent  flow.  These  advances  make 
it  possible  to  predict  the  high-wave-number  form  of  the 
temperature  spectrum,  humidity  spectrum  and  the  temper- 
ature-humidity cospectrum,  and  therefore  the  spectrum  of 
refractive-index  fluctuations  as  well.  The  accurate  model  has 
been  used  to  predict  the  spectra  of  temperature  and  salinity 
fluctuations  in  turbulent  water.  These  latter  two  spectra  have 
extensive  viscous-convective  ranges,  and  the  implications  for 
optical  propagation  in  turbulent  water  is  given  by  Hill.22 

An  outstanding  feature  of  the  experimentally  measured  and 
the  theoretically  predicted  temperature  spectrum  is  the  bump 
at  high  wave  numbers.  By  comparison,  the  Tatarskii  spec- 
trum does  not  well  represent  the  temperature  spectrum  at 
high  wave  numbers.  The  temperature  structure  function  is 
determined  from  both  spectral  models.  It  is  found  that  the 
temperature  structure  function  has  a  bump  for  r  near  the 
inner  scale;  the  structure  function  from  the  Tartarskii  spec- 
trum does  not  have  such  a  bump.  The  aerosol-concentration 
structure  function  has  a  form  that  is  different  from  that  of  the 
temperature  structure  function  for  small  r.  The  former  is 
slowly  varying  at  those  spacings  where  the  latter  varies  as 
r2. 

The  presence  of  the  bump  in  the  temperature  spectrum  has 
important  implications  for  optical  propagation.  It  is  shown 
that  there  is  a  corresponding  bump  in  the  variance  of  log  in- 
tensity. It  is  concluded  that  the  large-Fresnel-zone  asymp- 
totic form  of  the  variance  of  log  intensity  is  rarely  applicable 
to  a  geophysical  situation  because  Fig.  4  shows  that  V\Lll0 
£  30  is  required  for  Eq.  (8)  to  be  valid. 

The  covariance  function  of  log  amplitude  is  determined 
from  both  spectral  models.  It  is  found  that  for  small  \/XL//o 
the  covariance  function  is  wider  than  predicted  by  the  Ta- 
tarskii spectrum;  but  for  larger  \/\L/lo  the  accurate  model 
spectrum  gives  a  narrower  covariance  function  than  does  the 
Tatarskii  spectrum. 

The  bump  in  the  temperature  spectrum  produces  a  corre- 
sponding bump  in  the  structure  function  of  phase  for  spatial 
separations  near  the  inner  scale.  The  accurate  model  spec- 
trum predicts  that  the  structure  function  of  phase  is  larger  at 
small  separations  than  when  the  Tatarskii  spectrum  is  used. 
We  investigate  the  effect  on  the  structure  function  of  phase 
of  an  outer  scale  cutoff  typical  of  the  atmospheric  surface 
layer.  It  is  found  that  no  extensive  %  power  law  region  is 
expected  for  optical  propagation  in  the  atmosphere.  The 
structure  function  of  phase  is  sensitive  to  outer  scale  effects, 
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even  at  small  p.  Therefore,  understanding  phase  fluctuations 
requires  a  model  of  the  inhomogeneity  and  anisotropy  of  the 
refractive  index  fluctuations  at  large  length  scales. 

The  phase  coherence  length  po  for  plane  waves  is  deter- 
mined for  both  an  infinite  and  a  finite  outer  length  scale,  and 
the  asymptotic  formulae  po  «  Pi  and  po  «  P2  are  illustrated. 
For  an  outer  scale  cutoff  that  is  appropriate  to  a  height  of 
several  meters  in  the  atmosphere  surface  layer,  the  asymptotic 
formula  po  *  p\  is  not  accurate  for  any  values  of  k  2LC%Iq/3.  For 
k  2LCIIq3  of  the  order  of  unity,  the  bump  in  the  temperature 
spectrum  causes  po  to  be  smaller  than  when  po  is  determined 
from  the  Tatarskii  spectrum.  Just  as  in  the  case  of  the 
structure  function  of  phase,  the  phase  coherence  length  is 
sensitive  to  outer  scale '  effects,  particularly  for  small 
k2LC2lb0'3. 

It  is  common  practice  to  use  the  k-11/3  power  law  in  Eq.  (1) 
to  deduce  quantities  relevant  to  optical  propagation  through 
turbulence.  The  results  of  using  Eq.  (1)  with  no  diffusive 
cutoff  is  obvious  from  the  figures.  In  Fig.  1,  Eq.  (1)  would  give 
a  straight  line  extending  the  flat  portion  of  the  curves  across 
the  breadth  of  the  graph.  In  Fig.  2,  Eq.  (1)  results  in  a  straight 
line  of  slope  %  that  tends  to  be  parallel  to  the  curves  at  large 
r.  The  k_11/3  power  law  would  result  in  a  straight,  flat  line 
extending  across  Figs.  4  and  7,  intersecting  the  ordinant  at  1.0. 
In  Figs.  5  and  6,  Eq.  (1)  gives  a  covariance  function  that  lies 
between  the  solid  and  dashed  curves  corresponding  to  y/TLllo 
=  7.0.  The  k~11/3  power  law,  with  no  outer  scale  cutoff,  results 
in  the  po/pi  curve  becoming  a  straight,  flat  line  across  Fig.  10, 
intersecting  the  ordinate  at  8.0.  For  many  applications,  it  is 
a  crude  assumption  to  assert  that  Eq.  (1)  applies  to  optical 
propagation. 
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Fine  calibration  of  large-aperture  optical  scintillometers 
and  an  optical  estimate  of  inner  scale  of  turbulence 

R.  J.  Hill  and  G.  R.  Ochs 


Large-aperture  optical  scintillometers  [Ting-i  Wang  et  al.,  J.  Opt.  Spc.  Am.  68,  334  (1978)]  lose  their  calibra- 
tion if  they  are  sensitive  to  portions  of  the  spatial  spectrum  of  temperature  fluctuations  where  »t-I1/'3  fails 
to  hold.  The  model  temperature  spectrum  having  the  bump  [R.  J.  Hill,  J.  Fluid  Mech.  88,  541  (1978);  R.  J. 
Hill  and  S.  F.  Clifford,  J.  Opt.  Soc.  Am.  68,  892  (1978)]  is  used  to  find  conditions  under  which  the  scintillo- 
meters maintain  their  calibration.  We  find  that  the  aperture  size  D  should  be  at  least  twenty  times  the  inner 
scale  /o  if  the  contribution  of  the  spectral  bump  is  to  be  ignored.  For  application  in  the  surface  layer,  one 
needs  the  height  above  ground  of  the  optical  path  to  be  much  greater  than  three  times  the  aperture  size  if 
outer-scale  effects  are  to  be  negligible.  It  is  shown  that  the  inner  scale  dependence  of  a  scintillometer  having 
D/lo  —  2.0  and  the  lack  of  such  dependence  for  a  scintillometer  having  D/l0  ^  20.0  can  be  used  to  estimate, 
both  /o  and  C„  if  the  two  systems  are  used  simultaneously  on  the  same  path.  A  preliminary  experiment  was 
performed  in  the  atmospheric  surface  layer  with  scintillometers  having  aperture  sizes  of  2.0  cm,  5.0  cm,  and 
15.0  cm;  the  results  are  consistent  with  the  existence  of  the  spectral  bump.  The  inner  scale  is  estimated  by 
comparing  data  from  the  2.0-cm  and  15.0-cm  systems.  Using  this  inner  scale,  the  C2,  values  from  the  5.0-cm 
and  15.0-cm  scintillometers  are  corrected  for  the  spectral  bump;  the  corrected  values  are  in  agreement. 
Other  turbulence  parameters  are  not  deduced  from  the  /o  and  C2,  estimates  because  the  Iq  values  have  been 
found  to  be  insufficiently  accurate. 


I.     Introduction 

Wang  et  al. l  describe  a  saturation-resistant  optical 
technique  for  measuring  the  refractive-index  structure 
parameter  C„.  This  technique  uses  a  large-aperture 
incoherent  transmitter  and  a  large-aperture  receiver. 
They  show  that  if  the  transmitter  and  receiver  aperture 
diameters,  Dt  and  Dr,  are  sufficiently  large  compared 
with  the  Fresnel-zone  size  (AL)1/2,  the  first-order  scat- 
tering theory  is  adequate,  i.e.,  the  saturation  of  scintil- 
lation may  be  ignored.  The  criterion  for  this  to  be  true 
is1 


Dr  +  Dt 

(XL)"2 


>  2(^)5/3, 


where  c\  is  the  variance  of  log-amplitude.  Throughout 
the  following  we  assume  that  the  first-order  scattering 
theory  applies. 
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Wang  etal.1  describe  both  a  single-receiving-aperture 
scintillometer  as  well  as  a  scintillometer  having  two 
receiving  apertures  of  equal  diameter  that  are  tangent 
to  each  other.  Hereafter  we  assume  that  D,  =  Dr  =  D. 
Consider  the  limit  that  D  »  (AL)1/2  and  assume  that  the 
spatial  power  spectrum  of  refractive-index  fluctuations 
<I>nU)  is  proportional  to  k_11/3;  then,  for  the  scintillo- 
meter with  a  single  circular  receiving  aperture,  the 
variance  of  log-intensity  ofn/  is  given  by1 


0.9C2L3D" 


(2) 


where  L  is  the  pathlength.  For  the  scintillometer 
having  tangent  circular  apertures,  the  difference  of  the 
intensities  in  the  apertures  satisfies1 


(h-h)2 


P 


1.44C2L3D~7/3, 


(3) 


where  I  a  and  In  are  the  intensities  in  the  two  receivers, 
and  7  is  the  mean  intensity.  Taking  the  difference  of 
intensities  observed  by  tangent  apertures  has  several 
advantages  over  the  single  aperture  technique.  It 
renders  the  measurement  less  sensitive  to  fluctuating 
background  light  and  support  vibrations,  and  it  gives 
better  rejection  of  larger-size  refractive-index  fluctua- 
tions.1 

Recent  experimental  evidence23  and  theoretical 
analysis4  show  that  the  spatial  power  spectrum  of 
temperature  fluctuations  has  a  bump  at  wavenumbers 
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between  0.05//-1  and  0.4tj_1,  where  r;  is  the  Kolmogorov 
microscale.  The  spectrum  of  humidity  fluctuations  and 
the  temperature-humidity  cospectrum  are  also  pre- 
dicted to  have  a  bump.5  Some  effects  of  the  spectral 
bump  on  optical  propagation  in  the  turbulent  atmo- 
sphere are  described  by  Hill  and  Clifford.6 

Equations  (2)  and  (3)  depend,  of  course,  on  the  as- 
sumption that  <!>„(*)  a  k_i1/3.  Wang  et  til.1  determine 
the  effects  of  the  inner  scale  /0  on  large-aperture  scin- 
tillometers by  using  the  Tatarskii  model  for  the  tem- 
perature spectrum.  The  Tatarskii  spectrum  is  pro- 
portional to  k-11/3  multiplied  by  a  Gaussian  cutoff  at 
high  wavenumbers.  We  determine  the  effects  of  both 
the  spectral  bump  and  the  inner  scale  by  using  the  ac- 
curate temperature  spectrum  introduced  by  Hill4  and 
applied  to  optical  propagation  by  Hill  and  Clifford.6 
The  presence  of  the  spectral  bump  requires  a  minimum 
ratio  of  aperture  size  to  inner  scale  such  that  Eqs.  (2) 
and  (3)  are  approximately  valid,  i.e.,  that  the  scintillo- 
meter measurement  of  C„  is  independent  of  the  inner 
scale.  If  the  ratio  D/lo  is  sufficiently  small,  the  mea- 
sured scintillation  depends  on  /0  as  well  as  on  C2.  We 
exploit  this  effect  in  order  to  obtain  an  optical  estimate 
of  inner  scale. 

II.     Bump  in  the  Variance  for  Wide  Apertures 

For  single  circular  transmitting  and  receiving  aper- 
tures, both  having  diameter  D,  the  variance  of  log-in- 
tensity is 


<r2n,  =  167r2/e2L 


.OX/ 

»/o  Jo 


d*«lf'r,(«) 


X  sin 


Pf^H 


2Ji  (xi)  2Jx  (*2)12 


(4) 


2k  J   L         Xi  X2 

where  u  =  z/L, 

xi  =  kDu/2  and 

x2  =  kD(1  -u)/2. 
The  pathlength  is  denoted  by  L,  position  on  the  path 
by  2,  and  optical  wavenumber  by  k  =  2ir/\.   The  first- 
order  scattering  approximation  is  used  to  obtain  Eq. 
(4). 

For  the  case  of  tangent  receiving  apertures,  we  denote 
the  normalized  mean-squared  difference  of  the  inten- 
sities by  o\h  that  is, 


«u  =  ' 


[Ua-Ib)2\ 


(5) 


If  the  two  receiving  apertures  and  the  transmitting 
aperture  all  have  diameter  D,  and  to  lowest  order  in  the 
ratio  of  fluctuating  intensity  to  mean  intensity,  a\i  is 
given  by  Eq.  (4)  with  the  factor  2[1  -  Jq(kDu)]  intro- 
duced into  the  integrand.  In  the  limit  that  D  »  (XL)1/2 
and  D  »  /0,  ofn/  and  a\i  tend  to  the  formulas  in  Eqs.  (2) 
and  (3),  respectively. 

The  variances  ofn/  and  a\i  are  calculated  using  the 
temperature  spectrum  $t(k),  introduced  by  Hill  and 
Clifford.6  Homogeneous  turbulence  along  the  optical 
path  is  assumed.  These  variances,  normalized  by  their 
large-D  asymptotic  forms  [Eqs.  (2)  and  (3)],  are  pre- 
sented in  Fig.  1  as  functions  of  D/l0.  For  large  D/lo  the 
curves  should  tend  to  unity.   The  curves  for  D/(\L)in 


0/l0 


Fig.  1 .     The  normalized  variances  as  functions  of  D/lo  for  both  single 

and  tangent  aperture  scintillometers.    Dashed  curves  for  D/(\L)1/2 

=  5.3  and  16.0;  full  curves  for  D/(\L)V2  =  2.1. 


iK/l0 


Fig.  2.     The  normalized  variances  as  functions  of  ( XL) ' /2/l0  for  both 

single  and  tangent  aperture  scintillometers.    D/(XL)U2  =  16.0,  5.3, 

and  2.1  for  the  dashed,  dash-dot,  and  full  curves,  respectively. 

=  2.1,  5.3,  and  16.0  are  given  in  Fig.  1.  For  D/{\L)X'2 
=  5.3  and  16.0  the  curves  are  indistinguishable,  whereas 
the  curve  for  D/(\L)1'2  =  2.1  falls  slightly  below  the 
other  two.  This  verifies  that  when  D/(XL)1/2  is  large 
enough  the  variances  become  independent  of  wave- 
length X,  or,  equivalently,  the  normalized  variances 
become  independent  of  the  Fresnel-zone  size  (XL)1/2. 
Even  D/(XL)1/2  as  small  as  2.1  is  sufficient  to  give  a 
variance  that  is  approximately  independent  of  X. 

The  bump  in  the  spatial  spectrum  of  temperature 
fluctuations  produces  a  corresponding  bump  in  the 
variances  presented  in  Fig.  1.  For  a  single  receiving 
aperture  the  spectral  bump  would  cause  a  35%  overes- 
timate of  C„  if  D/lo  ^  4  and  if  Eq.  (1)  was  used  to  de- 
duce C„  from  ofn/.  For  the  tangent-aperture  scintillo- 
meter the  spectral  bump  would  cause  a  40%  overesti- 
mate of  C„  if  D/lo  =*  5  and  if  Eq.  (2)  was  used  to  deduce 
C2  from  a\,.  From  Fig.  1,  we  need  D/l0  £  20.0  in  order 
that  C„  may  be  obtained  from  Eqs.  (1)  or  (2). 

The  normalized  variances  are  presented  in  Fig.  2  as 
functions  of  (\L)l/2/l0  for  D/(XL)1/2  =  2.1, 5.3,  and  16.0. 
Since  the  normalized  variances  are  approximately  in- 
dependent of  (XL)1/2,  the  curves  in  Fig.  2  present  the 
dependence  of  the  normalized  variances  as  functions  of 
l//0,  where  l//n  is  measured  in  units  of  (XL)1/2.  For 
point  receiver  and  transmitter  apertures  the  curve 
analogous  to  those  in  Fig.  2  is  given  by  Hill  and  Clif- 
ford.6 
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Fig.  3.     The  ratio  in  Eq.  (7)  for  DJD2  =  2.1/16.0  (full  curve)  and 
D,/D2  =  5.3/16.0  (dash-dot  curve). 

For  Eqs.  (1)  and  (2)  to  apply  we  have  shown  that  one 
needs  D/(\L)1/2  >  2.1  and  D/l0  >  20.0.  Besides  these 
restrictions,  it  is  required  that  the  scintillometer  be 
insensitive  to  refractive-index  fluctuations  on  length 
scales  comparable  with  the  outer  scale.  Wang  et  al. J 
show  that  the  tangent-aperture  scintillometer  is  sensi- 
tive to  refractive-index  fluctuations  having  spatial  sizes 
as  large  as  two  to  three  times  the  aperture  size,  and  the 
single-aperture  scintillometer  is  sensitive  to  much  larger 
spatial  sizes.  Consequently,  the  outer  scale  should  be 
very  much  larger  than  3.0D  for  the  tangent-aperture 
scintillometer,  with  a  more  severe  restriction  for  the 
single-aperture  scintillometer.  For  application  to  the 
atmospheric  surface  layer  one  may  use  the  height  above 
ground  h  as  a  rough  estimate  of  the  outer  scale.  For  the 
tangent-aperture  case,  one  then  needs  h  »  3.0D. 

III.     Optical  Method  for  Estimating  Inner  Scale 

The  shape  of  the  curves  in  Fig.  2  can  be  exploited  to 
estimate  /0.  Suppose  that  an  optical  path  is  set  up  such 
that  (\L)1/2/l0  at  1.0,  and  that  two  large-aperture 
scintillometers  measure  ofn/  or  a\h  one  of  the  scintillo- 
meters having  D/(XL)1/2  =  16.0  and  the  other  having 
D/(XL)1/2  =  2.1.  In  this  case,  the  scintillometer  having 
D/(XL)1/2  =  16.0  can  measure  C2  nearly  independent 
of  l0.  By  noting  the  shape  of  the  solid  curve  [D/( \L)xn 
=  2.1]  on  Fig.  2  it  is  seen  that  for  (XL)1/2//0  «  1.0  a 
measurement  of  <r2n/  or  a\t  is  sensitive  to  changes  in  /0. 
Therefore,  knowing  C2  from  the  larger-aperture  scin- 
tillometer, the  scintillometer  having  D/(XL)1/2  =  2.1  can 
be  used  to  estimate  /0.  If  (XL)1/2//0  =*  2.0,  rather  than 
1.0,  Fig.  4  of  Hill  and  Clifford6  shows  that  a  measure- 
ment of  <x2n/  using  point  transmitting  and  receiving  ap- 
ertures will  give  an  estimate  of  l0  if  C2  is  known  from  a 
larger-aperture  scintillometer  that  is  insensitive  to  Z0. 

When  two  large-aperture  scintillometers  are  used  to 
estimate  /0,  the  effect  of  Z0  on  the  larger-aperture  scin- 
tillometer can  be  accounted  for  by  considering  the  ra- 
tios 


l<»?n/>lDl/S]/[<«r?„l>2D72/3] 


or 


(6) 


(7) 


l(olihDl/3)/[(oii)iPl/3], 

where  the  subscript  1  denotes  the  smaller-aperture  size, 
and  the  subscript  2  denotes  the  larger.  The  ratios  (6) 
and  (7)  are  independent  of  C2  but  do  depend  on  Z0.    For 

3610         APPLIED  OPTICS  /  Vol.  17,  No.  22  /  15  November  1978 


D,/(XL)1/2  >  2  the  ratios  (6)  and  (7)  are  also  approxi- 
mately independent  of  X,  and  L,  and  therefore  of  (XL)1/2 
as  well.  The  ratios  (6)  and  (7)  may  be  obtained  by 
taking  the  ratio  of  values  from  Fig.  2  for  a  given 
(XL)1/2//0.  For  the  case  of  tangent  apertures,  we 
present  in  Fig.  3  the  ratio  (7)  as  a  function  of  (XL)1/2//0 
for  Di/D2  =  2.1/16.0  and  DJD2  =  5.3/16.0.  By  mea- 
suring a  value  of  the  ratio  (7),  Fig.  3  gives  a  value  of 
(XL)1/2/Z0  and  thereby  gives  an  estimate  of  the  inner 
scale  /r> 

IV.     Experiment 

In  order  to  measure  the  bump  in  the  variance  for  wide 
apertures,  an  experiment  was  performed  over  flat  ter- 
rain at  the  Table  Mountain  field  station  near  Boulder, 
Colorado.  Measurements  were  made  using  transmitter 
and  receiver  apertures  of  equal  diameter;  the  diameters 
of  15.0  cm,  5.0  cm,  and  2.0  cm  were  used.  The  optical 
path  was  160  m  long  and  1.5  m  above  the  ground.  The 
transmitters  produced  incoherent  light  from  frosted 
quartz-iodine  incandescent  bulbs.  As  noted  previously, 
Fig.  1  shows  that  a\n,  and  a\ ,  are  nearly  independent  of 
wavelength  X.  Therefore,  an  average  over  the  wave- 
lengths of  white  light  makes  very  little  difference  to  the 
theoretical  discussion  in  the  previous  sections.  Using 
a  wavelength  X  =  0.55  urn,  the  Fresnel-zone-size  (XL)1/2 
is  0.938  cm.  Then  the  values  of  D/( XL) » /2  used  in  the 
experiment  are  16.0,  5.3,  and  2.1;  therefore,  the  theo- 
retical curves  in  Figs.  1,  2,  and  3  apply  to  the  experi- 
ment. The  nominal  value  (XL)1/2  =  0.938  cm  may  be 
considered  a  scaling  length  and  is  used  throughout  the 
following. 

Data  were  obtained  for  both  single  and  tangent  re- 
ceiving apertures.  We  consider  only  data  for  the  tan- 
gent apertures  because  of  their  better  rejection  of  outer 
scale  effects  and  because  of  the  close  proximity  to  the 
ground.  The  three  transmitters  were  spaced  roughly 
1  m  apart,  and  the  three  receivers  were  spaced  likewise. 
The  optical  paths  crossed  near  midpath,  and  data  were 
obtained  by  all  three  receivers  simultaneously.  Con- 
sequently, the  three  aperture  sizes  were  measuring  the 
same  refractive-index  field  at  the  same  time.  A  value 
of  the  quantity 

3-«if/(1.44L*D-tti)  (8) 

was  obtained  for  each  of  the  three  aperture  sizes;  E  is 
just  the  normalized  variance  shown  in  Fig.  1  multiplied 
byC2  IfD/Z05:20.0,thenE^C2.  However,  the  D/l0 
dependence  illustrated  in  Fig.  1  is  not  negligible  in  our 
experiment,  so  the  asymptotic  form  in  Eq.  (3)  is  not 
accurate,  and  therefore  E  ^  C2. 

We  denote  the  values  of  E  obtained  from  each  of  the 
three  aperture  sizes  by  E(2  cm),  E(5  cm),  and  E(15  cm). 
Given  Zo»  one  can  obtain  the  value  of  C2  by  dividing  E(2 
cm),  E(5  cm),  or  E(15  cm)  by  values  taken  from  Figs.  1 
or  2.  The  values  of  E(2  cm),  E(5  cm),  and  S(15  cm)  are 
shown  in  Fig.  4;  these  values  are  1-min  averages  plotted 
as  functions  of  time  during  an  80-min  rinv  The  value 
of  E(15  cm)  is  usually  greater  than  E(2  cm)  but  less  than 
E(5  cm);  examination  of  Fig.  2  shows  that  this  requires 
0.55  <  (XL)1/2//0  £  1-0.  The  data  in  Fig.  4  show  random 
variations  of  as  much  as  a  factor  of  3  over  the  80-min 


615 


1441 
Local  Time 

Fig.  4.     One-minute  average  values  of  E  for  an  80-min  run.    E(2cm), 

solid  curve;  H(5  cm),  short  dashed  curve;  E(15  cm),  long  dashed 

curve. 


Local  Time 
Fig.  5.     Wind  speed  during  the  80-min  run. 

run;  thus  conditions  were  not  stationary,  which  is  far 
from  ideal.  The  wind  speed  measured  by  a  single- 
propeller  anemometer  at  a  height  of  1.5  m  is  given  in  Fig. 
5;  the  wind  speed  also  illustrates  the  lack  of  stationar- 
ity. 

The  ratio  E(D1)/H(D2)  is  the  same  as  the  ratio  in  (7). 
The  ratios  H(5  cm)/E(15  cm)  and  E(2  cm)/H(15  cm)  are 
calculated  from  the  data  and  are  given  in  Fig.  6;  these 
ratios  are  independent  of  C„,  and  their  predicted  de- 
pendence on  /o  is  given  in  Fig.  3.  Figure  3  indicates  that 
E(5  cm)/H(15  cm)  should  not  exceed  about  1.27. 
However,  the  data  in  Fig.  6  show  E(5  cm)/H(15  cm)  ex- 
ceeding 1.27  at  times.  In  fact,  with  {\L)1/2/l0  =*  1.0,  Fig. 
3  indicates  that  the  observed  minute-by-minute  varia- 
tion of  H(5  cm)/H(15  cm)  is  inconsistent  with  the  ex- 
pected variation  of  /<>  Consequently,  the  variability  of 
the  ratios  in  Fig.  6  should  be  associated  either  with 
random  errors  or  insufficient  averaging  time. 

The  model  temperature  spectrum  introduced  by  Hill 
and  Clifford6  (which  is  the  basis  for  Figs.  1,  2,  and  3) 
applies  to  a  very  large  ensemble  average  with  each 
sample  in  the  ensemble  having  the  same  C%  and  Iq.  For 
an  insufficient  averaging  time  or  for  nonstationary 
conditions,  the  actual  path-averaged  temperature 
spectrum  will  only  approximate  the  model  because  C„ 
and  lo  do  change  with  time,  and  Figs.  1,  2,  and  3  will  not 
apply  in  detail.  Because  of  the  nonstationary  nature 
of  the  wind  speed  in  Fig.  5,  an  averaging  time  longer 
than  1  min  would  not  necessarily  be  more  representative 
of  homogeneous  and  stationary  turbulence. 

The  values  of  H(2cm)/H(15cm)  e*  0.9  shown  in  Fig. 
6  are  sensitive  to  the  inner  scale;  this  is  evident  by  lo- 
cating 0.9  on  the  ordinate  of  Fig.  3  and  noting  the  slope 
of  the  solid  curve.  Figure  3  is  used  in  conjunction  with 
the  measured  H(2  cm)/H(15  cm)  in  Fig.  6  to  estimate  the 
inner  scale  l0,  which  is  presented  in  Fig.  7.    The  typical 


value  of  /n  is  estimated  to  be  1.0  cm,  which  is  larger  than 
expected  for  a  height  of  1.5  m  under  cloudy  conditions 
with  a  wind  speed  of  roughly  2.0  m  sec- ' .  This  estimate 
of  /n  depends  on  accurately  knowing  the  rapidly  falling 
portion  of  the  curves  in  Fig.  3,  which,  in  turn,  depends 
on  accurately  predicting  the  shape  of  the  temperature 
spectrum  in  the  dissipation  range.  Under  nonsta- 
tionary conditions  our  knowledge  of  the  dissipation 
range  of  the  temperature  spectrum  is  particularly  un- 
certain; therefore,  the  estimated  values  of  /o  must  be 
viewed  with  skepticism.  The  variability  of  /0  with  time 
shown  in  Fig.  7  is  believed  to  be  largely  caused  by  ran- 
dom error  in  the  H(2  cm)/H(15  cm)  values  and  is  not 
thought  to  represent  the  actual  changes  in  /n  during  the 
experiment. 

An  accurate  optical  measurement  of  /0  and  C2,  can, 
in  principle,  determine  several  other  turbulence  pa- 
rameters. For  instance,  the  rate  of  viscous  dissipation 
of  turbulent  kinetic  energy  t  is  given  in  terms  of  /n  by 
lo  =  7.4((/;,A)1/4,  where  v  is  the  kinematic  viscosity. 
Unfortunately,  the  1/4  power  renders  an  e  determina- 
tion sensitive  to  errors  in  /0-  The  velocity  structure 
parameter  C\  is  then  given  in  terms  of  t  by  C2,  =  2t2/3. 
Of  course,  Cf  may  be  determined  from  C2.  Finally,  for 
application  to  a  horizontally  homogeneous  surface  layer, 
Wyngaard  and  Clifford7  show  that  C\  and  C2V  may  be 
used  to  provide  estimates  of  kinematic  momentum  flux, 
heat  flux,  and  the  Monin-Obukhov  length.  Unfortu- 
nately, the  determination  off,  C%  momentum  and  heat 
flux,  and  Monin-Obukov  length  is  sensitive  to  errors  in 
the  estimate  of  /n>  and  the  present  data  could  not  pro- 
duce sufficiently  accurate  estimates. 
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Fig.  6.    The  ratios  H(5  cm)/H(15  cm)  (dashed  curve)  and  E(2  cm)/ 
H(15  cm)  (full  curve)  for  the  80-min  run. 
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Fig.  7.    The  estimated  inner  scale  during  the  80-min  run. 
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Fig.  8.     The  corrected  C*  from  the  5-cm  (full  curve)  and  15-cm 
(dashed  curve)  scintillometers. 

For  /n  —  10  cm>  Figs.  1  and  2  show  that  H(5  cm)  and 
H(15  cm)  are  weak  functions  of  /o-  Consequently,  the 
approximate  /o  values  in  Fig.  7  can  be  used  to  obtain  C% 
from  the  H(5  cm)  and  H(15  cm)  values  in  Fig.  4.  The 
true  or  corrected  values  of  C„  determined  from  the  5-cm 
and  15-cm  systems  are  given  in  Fig.  8.  These  corrected 
values  are  seen  to  be  in  much  closer  agreement  than  the 
uncorrected  values  H(5  cm)  and  H(15  cm)  in  Fig.  4. 

V.     Conclusion 

The  model  temperature  spectrum  introduced  to  op- 
tical propagation  by  Hill  and  Clifford6  is  used  to  predict 
the  dependence  upon  the  inner  scale  of  C„  values 
measured  by  large-aperture  scintillometers.  The  bump 
in  the  temperature  spectrum  implies  that  one  needs 
D/l0  £  20.0  in  order  that  Eqs.  (2)  and  (3)  are  valid  ap- 
proximations. For  D/l0  ^  4.0,  the  optical  scintillometer 
can  cause  as  much  as  a  40%  overestimate  of  Cj;  if  Eqs. 
(2)  or  (3)  are  used.  Wang  et  al. l  show  that  the  restric- 
tions D/(XL)1/2  £  2.0  and  Eq.  (1)  must  also  prevail  in 
order  that  Eqs.  (2)  or  (3)  shall  be  valid.  A  further  re- 
striction is  that  a  scintillometer  should  be  sensitive  only 
to  refractive-index  fluctuations  of  sufficiently  small 
scale  that  they  are  locally  isotropic;  for  tangent-aperture 
scintillometers  used  in  the  surface  layer,  one  desires  h 
»  3.0D,  whereas  the  single-aperture  scintillometers  are 
more  sensitive  to  large-scale  fluctuations. 

It  is  shown  in  Sec.  Ill  that  using  two  scintillometers 
of  different  aperture  size  can  result  in  a  measurement 


of  both  Cl  and  /<>  This  technique  uses  the  fact  that  a 
scintillometer  is  relatively  insensitive  to  /<>  if  the  aper- 
ture size  is  large  enough  and  that  another  scintillometer 
is  sensitive  to  both  C\  and  /o  if  its  aperture  size  is 
roughly  twice  the  inner  scale.  However,  the  analysis  of 
the  data  given  here  provides  only  a  crude  estimate  of  Iq. 
There  may  be  better  optical  systems  for  measuring 
inner  scale. 

The  data  presented  in  Sec.  IV  are  consistent  with  the 
bump  in  the  variances  presented  in  Figs.  1  and  2  and, 
therefore,  with  the  bump  in  the  model  temperature 
spectrum.  The  inner  scale,  estimated  from  the  ob- 
served value  of  H(2  cm)/E(15  cm),  is  about  1.0  cm.  The 
discrepancy  between  the  values  shown  in  Fig.  4  for  the 
5-cm  and  15-cm  apertures  is  seen  to  be  greatly  reduced 
in  Fig.  8,  where  a  correction  is  made  for  the  bump  in  the 
variances  of  Figs.  1  and  2.  Although  this  evidence  is 
consistent  with  the  bump  in  the  variances,  it  cannot  be 
considered  conclusive  because  of  the  unknown  outer- 
scale  effects  on  the  15-cm  aperture  scintillometer  and 
because  of  the  nonstationary  conditions.  Alternative 
explanations  can  be  found  for  the  behavior  exhibited 
in  Fig.  4.  For  instance,  H(15  cm)  <  H(5  cm)  could  be 
attributed  to  the  reduction  in  <$„(*)  for  k  near  the  re- 
ciprocal of  the  outer  scale,  while  H(2  cm)  <  H(5  cm)  can 
be  attributed  to  the  decrease  in  <l>n  (k)  for  «  near  the  re- 
ciprocal of  Iq. 

The  authors  thank  Ting-i  Wang,  R.  S.  Lawrence,  S. 
F.  Clifford,  and  J.  C.  Wyngaard  for  their  assistance  and 
advice. 
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SIMULATION  OF  RADAR-MEASURED  DOPPLER  VELOCITY  PROFILES  IN 
LOW-LEVEL  WIND  SHEAR  (PHASE  I) 


W.  B.  Sweezy,  W.  R.  Moninger,  R.  G.  Strauch 


A  computer  simulation  of  radar-measured  radial  velocity  profiles 
was  made  to  evaluate  the  effects  of  finite  antenna. beamwidth  and  the 
location  of  the  radar  on  the  measurement  of  low-level  wind  shear.  The 
inputs  to  the  computer  simulation  program  are  the  radar  characteristics 
and  the  existing  wind  field  -  the  outputs  are  the  wind  component- along 
any  line  (usually  the  glide  path)  and  the  radar-measured  radial  velocity 
profile  for  a  given  antenna  location  and  antenna  pointing.  The  results 
show  that  a  radar  beamwidth  of  1.5  deg.  provides  sufficient  spatial 
resolution  to  measure  low-level  wind  profiles.  However,  when  the  wind 
fields  contain  horizontal  gradients,  headwinds  and  tailwinds  encounter- 
ed by  an  aircraft  on  the  glide  path  cannot  be  measured  by  a  fixed-beam 
radar  that  is  offset  from  the  end  of  the  runway.  A  steerable  antenna 
is  needed  to  adequately  measure  the  wind  profile  for  these  cases. 
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GRAVITY  WAVE  PROPAGATION  IN  THE  PRESENCE 
OF  A  CURRENT  WITH  AN  ARBITRARY  VERTICAL  PROFILE 


Bob  Weber 

This  paper  determines  analytically  the  effect  of  current  shears  upon 
the  phase  velocity  of  gravity  waves  on  the  oceans  surface  and  the  resulting 
consequences  for  an  HF  sea  echo  radar  which  measures  surface  currents.  Past 
treatments  of  this  subject  have  restricted  the  current  profile  in  order  to 
avoid  singularities  in  the  Rayleigh  equation  or  they  have  required  the  use 
of  numerical  methods  which  do  not  readily  allow  generalizations  to  be 
drawn.   It  is  found  that  the  phase  velocities  of  these  waves  depend  upon 
the  current  at  all  depths  but  with  more  weight  given  to  the  current  near 
the  surface.  For  weak  shears  and  deep  water,  the  weighting  approaches  the 
exponential  weighting  derived  by  Stewart  and  Joy  (1974).  Therefore,  an  HF 
sea  echo  radar  does  not  measure  the  current  just  at  the  surface  with  the 
result  that  its  estimate  of  the  surface  current  will  be  in  some  error  due 
to  a  shear.  However,  large  errors  (amounting  to  more  than  10%  of  the  phase 
velocity  of  the  gravity  wave  causing  the  sea  echo)  should  be  detectable  by 
measuring  the  excess  separation  of  the  advancing  and  receding  Bragg  lines 
in  the  sea  echo  Doppler  spectrum. 
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Estimating  Momentum,  Heat  and  Moisture  Fluxes 
from  Structure  Parameters 

J.  C.  Wyngaard 

Cooperative  Institute  for  Research  in  Environmental  Sciences,  University  of  Colorado/ NO  A  A,  Boulder  80309  and 
Wave  Propagation  Laboratory,  NOAA,  Boulder,  CO  80302 

S.  F.  Clifford 

Wave  Propagation  Laboratory,  NOAA,  Boulder,  CO  80302 
(Manuscript  received  26  September  1977,  in  final  form  22  March  1978) 

ABSTRACT 

A  theory  is  developed  for  obtaining  the  vertical  fluxes  of  momentum,  heat  and  moisture  in  a  quasi-steady, 
locally-homogeneous  surface  layer  from  measurements  of  the  structure  parameters  of  velocity,  temperature 
and  humidity.  The  momentum  flux  is  shown  to  be  generally  more  sensitive  to  measurement  errors  in  the 
structure  parameters  and  to  uncertainties  in  certain  turbulence  parameters  than  are  the  heat  and  moisture 
fluxes.  The  structure  parameters  can,  in  principle,  be  obtained  from  path-averaged  wave  propagation  mea- 
surements; for  example,  the  temperature  structure  parameter  CV  is  readily  obtained  from  optical  scintilla- 
tions. It  is  estimated  that  in  the  case  of  Ct  a  path-averaged  optical  measurement  requires  about  1%  of  the 
averaging  time  of  a  conventional  measurement  of  Ct  under  typical  conditions. 


1.  Introduction 

The  vertical  fluxes  of  momentum,  heat  and  moisture 
near  the  earth's  surface  are  important  both  for  bound- 
ary layer  structure  and  dynamics  and  for  larger  scale 
atmospheric  flow  as  well.  Unfortunately,  they  are  very 
difficult  and  expensive  to  measure  directly,  as  dis- 
cussed by  Kaimal  (1975).  In  addition,  direct  flux 
measurements  require  long  averaging  times  (Wyngaard, 
1973)  and  are  apt  to  be  unrepresentative  over  even 
mildly  inhomogeneous  terrain. 

Indirect  techniques,  by  which  one  infers  fluxes  from 
measurements  of  other  flow  properties,  can  be  simpler 
and  less  expensive  than  direct  measurements.  Cham- 
pagne et  al.  (1977)  recently  surveyed  several  of  these 
indirect  techniques,  and  showed  that  direct  and  in- 
direct momentum,  heat  and  moisture  flux  measure- 
ments compare  well  in  the  unstable  surface  layer 
over  land. 

Most  of  these  indirect  flux  measurement  techniques, 
when  used  with  tower-based  instrumentation,  involve 
only  point  measurements.  Such  indirect  techniques 
give  little  if  any  relief  from  the  problems  of  long 
averaging  times  and  spatial"  nonrepresentativeness. 
An  optimum  indirect  approach  would  involve  some 
spatial  averaging,  and  would  require  only  short  time- 
averaging  periods  to  give  statistically  reliable 
measurements. 

With  this  in  mind  we  recast  the  indirect  flux  mea- 
surement  approach   of   Champagne   et   al.    (1977)    in 


terms  ot  structure  parameters,  rather  than  dissipation 
rates,  and  extend  it  to  the  stably  stratified  case.  This 
gives  a  theory,  recently  anticipated  by  Wesely  (1976), 
for  inferring  surface-layer  fluxes^ from  structure  pa- 
rameters. For  the  case  of  the  temperature  structure 
parameter,  we  find  that  a  significant  reduction  in 
averaging  time  is  gained  by  dropping  the  conven- 
tional, point-measurement  approach  in  favor  of  the 
measurement  of  path-averaged  optical  scintillations. 

2.  The  indirect  method 

a.  Theory 

The  vertical  fluxes  of  horizontal  momentum,  tem- 
perature and  water  vapor  are  nearly  independent  of 
height  in  the  lowest  few  tens  of  meters  for  typical 
conditions  over  uniform  surfaces.  We  denote  the  sur- 
face values  of  these  fluxes  by  r0,  Qo  and  M0,  respec- 
tively. They  define  a  scaling  velocity  m*,  a  scaling 
temperature  T*  and  a  scaling  humidity  q*  (Busch, 
1973) : 


m*=(t-0/p)* 
q*=—M0/u* 


[friction  velocity  (m  s-1)3>  (1) 
[scaling  temperature  (K)],  (2) 
[scaling  humidity  (g  m_3)3,     (3) 


where  p  is  air  density. 

We  denote  the  dissipation  rates  of  turbulent  kinetic 
energy,  temperature  variance  and  humidity  variance 
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Xe  =  0.125C2r(C2v)iarW,  (15) 

Xf-0.12SC*(C^)*«r*j8ii1.  (16) 


1205 

by  e,  Xe  and  Xq.  We  define  dimensionless  dissipation 
rates  by 


*V 


kz 


Xa  =  - 


Uifil  ^ 


-X, 


kz 


Mjjt^jj. 


-xc 


kz 


(4) 
(5) 
(6) 


Here  k  is  the  von  Karrnan  constant  and  z  is  height 
above  the  surface.  Champagne  et  al.  (1977)  based 
their  indirect  flux  measurement  scheme  on  these  dis- 
sipation rates,  but  we  will  now  show  that  their  scheme 
can  be  reworked  to  use  structure  parameters  as  inputs. 
We  consider  structure  functions  for  separation  dis- 
tances r=  |  r |  in  the  inertial  range  of  scales  and  we 
further  assume  these  scales  to  be  locally  isotropic 
(Tennekes  and  Lumley,  1972).  For  temperature  and 
humidity,  these  are  related  to  the  structure  parameters 
C\  and  C2  such  that 


DT(r)  =  pT(x)  -  T(x+r)y  =  C2rri, 


^(r)  =  [?(x)-?(x+r)]^C92ri 


(7) 
(8) 


The  velocity  structure  function  is  a  second-rank 
tensor,  and  as  such  the  direction  of  the  separation 
vector  is  important  (Tatarskii,  1971).  However,  one 
can  use  the  geometry  of  isotropic  tensor  functions  to 
relate  the  various  components  (Batchelor,  1960).  For 
simplicity  we  will  use  only  one  component,  that  for 
stream  wise  velocity  and  streamwise  separation.  In  the 
inertial  range  this  is 


Oi(x)  -Ml(x+r)]2  =  C\r\     r=  (r,0,0), 


(9) 


where  C\  is  the  velocity  structure  parameter. 

The  structure  functions  are  related  to  one-dimen- 
sional spectra  through  Fourier  transforms  (Tatarskii, 
1971).  In  the  inertial  range  these  spectra  are 

F»*-0.2SCVra/*-«ie,C,/*,  (10) 

Fe  =  0.25CW5/3=HieXee-iKr5/3,  (11) 

Fq=0.25C29Kr5/3  =  ^qXqe-^r5/3,  (12) 

where  the  spectra  are  scaled  such  that  the  integral 
over  the  half-line  is  the  variance,  e.g., 


/" 

Jo 


Fu(ki)(1k\  =  Ui. 


We  can  rewrite  (10)- (12)  as 

e= 0.125  (C^af*, 


(13) 


(14) 


We  now  solve  (4)-(6)  for  u^,  T*  and  q*,  use  (14)-(16) 
to  express  the  dissipation  rates,  and  arrive  at  the 
following  equations  for  fluxes : 

T0/p  =  0.25kiar1ziC2v<t>rK  (17) 

(3o=0.25^ari^V(C2,)HC27.)*Xe-^rJ,      (18) 

Mo=0.25^ar^1-y(C2,)HC2)^-^ri-       (19) 

Note  if  Qo  (or  M0)  is  negative,  we  must  take  the 
negative  square  root  of  C2T  (or  C2)  in  (18)  [or  (19)]. 
The  expressions  (17)- (19)  for  fluxes  contain  the 
dimensionless  dissipation  rates  <j>(,  Xq  and  X$.  In  order 
to  deal  with  these,  we  assume  we  have  a  quasi-steady, 
locally  homogeneous  surface  layer  whose  structure 
follows  Monin-Obukhov  similarity.  Thus  <f>(,  Xe  and 
Xq  depend  only  on  z/L,  where  L  is  the  Monin- 
Obukhov  length 


L  = 


hQ 


(20) 


ov 


and  Q0v  =  (Vf-0.61  TM0/p.  This  use  of  the  virtual 
temperature  flux  Q0v  accounts  for  the  effects  of  hu- 
midity fluctuations  on  buoyancy  (Lumley  and  Pa- 
nofsky,  1964). 

We  now  rewrite  the  right-side  of  the  L  definition 
(20)  by  using  (17)-(19)  to  express  w*3  and  Qov.  We 
also  make  a  second  assumption:  that  the  scalar  spec- 
tral constants,  and  the  dimensionless  scalar  dissipation 
rates,  are  equal  (fiie=^iq=^i;  Xe  =  Xq  =  X).  Then 
(20)  becomes 

C(c2r)>+  (o.6ir/P)  (c*)»;k*/7>*(c«  )-' 

=  -O.5k-i0\ar1zXt<p-5/6L-\     (21) 

The  right  side  of  (21)  varies  only  with  z/L,  since  k, 
(8i  and  oti  are  constants.  We  define  this  to  be  S(z/L) : 


S(z/L)  =  -0.5k-*t3\arlzXty-5/6L-\ 


(22) 


We  note  from    (21)   that  S  can  be  calculated  from 
measurements  of  structure  parameters : 

S(z/L)  =  l(CW+(0.6lT/p)(C2qmg/T)zHC2v)-\      (23) 

Eqs.  (22)  and  (23),  in  conjunction  with  (17)-(19), 
allow  us  to  estimate  fluxes  from  structure  parameters. 
To  do  this,  we  calculate  5  from  (23),  using  measured 
structure  parameters.  As  explained  in  the  next  sec- 
tion, the  right  side  of  (22)  has  been  determined  ex- 
perimentally; thus  one  knows  S(z/L),  and  having  5 
one  can  infer  z/L.  Then  having  z/L,  one  knows  X 
and  <p(  in  (17)-(19),  which  with  the  structure  parame- 
ters and  the  constants  give  the  fluxes. 
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Fig.  1.  The  stability  function  S  [^defined  in  (22)]  as  a  function 
of  z/L,  calculated  from  (24)-(27)  with  &  =  0.35,  a,=0.5,  ffi=0A. 


b.  Examples 

We  will  explore  further  this  flux  estimation  tech- 
nique by  introducing  some  surface  layer  data.  We 
take  £  =  0.35  (Businger  et  al.,  1971)  and  ai  =  0.5, 
/3i=0.4  (Champagne  et  al.,  1977).  For  unstable  con- 
ditions we  will  use  (as  did  Champagne  et  al.,  1977) 


4>t  =  [l+0.5(-z/OT, 


X- 


1.48 


[l-9(2/L)]* 


(24) 


(25). 


which  are  based  on  the  1968  Kansas  experiments, 
and  should  be  good  approximations  in  the  range 
0^—  z/L<2.  For  stable  conditions,  the  Kansas  data 
indicate  that  the  turbulent  transport  terms  in  the 
budgets  of  turbulent  kinetic  energy  and  temperature 
variance  are  negligible  (Wyngaard  and  Cote,  1971). 
This  implies  that  molecular  destruction  balances 
production  caused  by  the  mean  wind  and  temperature 
gradients.  Using  the  Kansas  forms  for  these  gradients 
(Businger  et  al.,  1971)  gives  for  stable  conditions  in 
the  range  0^  z/L^  1 


4>t=l+3.7z/L, 
X=2[0.74+4.7(z/£)]- 


(26) 
(27) 


Fig.  1  shows  a  plot  of  S(z/L)  calculated  from  (22) 
using  £  =  0.35,  ai  =  0.5,  /3i  =  0.4  and  the  expressions 
(24)- (2 7)  for  <j>(  and  X.  Note  that  5  is  well-behaved 
in  the  sense  that  one  can  infer  a  z/L  value  from  the 
value  for  S.  Note  also  that  one  must  know  a  priori 
the  signs  of  Q0  and  M0. 

In  this  example  we  used  <t>  and  X  expressions  ap- 
proximating surface-layer  behavior  over  a  limited 
range,  roughly  —  2<z/L<\.  More  stable  conditions 
at  2=5  m,  say,  would  typically  have  very  low  turbu- 
lence levels  and  negligible  fluxes,  and  we  will  not 
consider  these.  More  unstable  conditions  can  be  found 
under  very  light  winds  and  strong  insolation,  when 
the  heat  and  moisture  fluxes  could  be  large.  Thus  it 


is  useful  to  consider  briefly  the  extension  of  the  tech- 
nique to  very  unstable  conditions. 
From  the  definition  of  z/L, 


z__  (g/T)Qov 
L 


11+  /kz 


(28) 


We  can  interpret  large  negative  z/L  values  as  meaning 
(g/T)Qov^u^/kz,  or  that  the  rate  of  turbulent  energy 
production  by  bouyancy  effects  is  large  compared 
with  that  by  shear.  Thus  at  large  —z/L  we  expect 
large  velocity  variances  relative  to  «+2;  in  the  con- 
vective  limit  (L— >0),  m*2  vanishes  but  the  velocity 
variances  and  C\  are  finite.  Thus  indirect  stress  mea- 
surements of  the  type  discussed  here  are  inherently 
limited  to  stabilities  not  far  from  neutral. 

We  can  extend  our  indirect  technique  for  Q0  and  M0 
to  very  unstable  conditions,  however.  Rather  than 
use  asymptotic  forms  in  the  expressions  (18)  and  (19) 
for  Q0  and  M 0,  it  is  simpler  to  start  from  the  Kansas 
results  for  C\  under  unstable  conditions  (Wyngaard 
et  al.,  1971): 


4.90o2«*-2z-i 
(1-lz/L)* 

(29) 

This  can  be  written,  using  (20),  as 

/  -7z/L\i 

C2T=2.7Q20z-i(g/T)-^l -)  . 

\l-7z/Z,/ 

(30) 

Although  the  extension  to  C*  has  not  been  experi- 
mentally verified,  according  to  the  Monin-Obukhov 
similarity  hypothesis  (Busch,  1973)  the  analogous 
expression  should  hold : 


C^l.lMh-Kg/T)-^ 


\l-7z/L/ 


(3D 


At  —z/L=  1  the  stability  term  in  (30)  and  (31) 
is  within  10%  of  its  asymptotic  value  of  1.0.  Hence 
measurements  of  C%  and  C\  in  the  very  unstable 
surface  layer  (  —  z/L>\)  would  in  principle  give  both 
Qo  and  Mo  through  solution  of 

C27.=  2.7^2z-'(g/r)-«[(?o+0.6ir(Mo/p)]-',      (32) 

C2=  LIM^-Hg/Tr^Qo+OMTiMo/pn-l     (33) 

Under  dry  (0.6irM0«pQo),  very  unstable  conditions 
we  find,  from  (32) 


Q0~0.5(C2T)h(g/T)* 


(34) 


Measurements  at  Table  Mountain,  near  Boulder,  using 
C\  inferred  from  optical  scintillations  over  a  300  m 
path  at  z  =  4  m,  support  (34)  (Wyngaard  et  al., 
1978a). 
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3.  Error  analysis 

Fluxes  estimated  through  our  indirect  technique 
are  subject  to  errors  from  a  number  of  sources.  We  will 
consider  here  in  detail  the  flux  errors  from  two  such 
sources:  the  specification  of  universal  constants  and 
stability  functions,  and  the  measurement  of  the  struc- 
ture parameters. 

We  examine  first  the  effect  of  errors  in  constants 
and  stability  functions.  Assume  for  the  moment  that 
the  structure  parameters  are  known  exactly,  so  one 
calculates  5  from  (23)  without  error.  However,  (22) 
shows  that  a  z/L  value  inferred  from  5  will  be  in 
error  if  k,  0i,  ax,  X  or  0,  is  in  error.  We  see  from  the 
flux  expressions  (17)— (19)  that  the  fluxes  will  also  be 
in  error,  both  directly  through  the  errors  in  k,  /Si,  a\, 
X  and  4>t  and  indirectly  through  the  changes  in  X 
and  <t>(  caused  by  errors  in  their  argument  z/L. 

In  spite  of  intensive  micrometeorological  research 
in  the  past  few  decades,  significant  uncertainties 
remain  in  both  the  values  of  the  universal  constants 
k,  «i  and  |8i,  and  the  functions  X  and  <f>(.  Currently 
used  values  of  the  von  Karman  constant  k  range 
from  the  0.35  found  in  Kansas  (Businger  et  al.,  1971) 
to  the  traditional  value  of  0.40  or  even  slightly  larger 
(Pruitt  et  al.,  1973;  Frenzen,  1973,  1977).  The  spread 
in  currently  used  values  for  the  one-dimensional  Kol- 
mogorov  velocity  spectral  constant  ai  is  about  as 
large,  in  percentage  terms,  at  about  0.45-0.55.  The 
temperature  spectral  constant  0i  has  undergone  larger 
excursions,  partly  because  of  recently  discovered  mea- 
surement problems.  Hill's  (1978)  recent  survey  gives 
a  range  of  0.40-0.50  for  0i.  The  functions  X  and  <j>( 
are  more  difficult  to  measure  accurately  than  are  k, 
ai  and  0i,  so  that  their  uncertainties  are  even  larger. 
Yaglom  (1977),  in  his  review  of  flux-profile  relation- 
ships, has  discussed  these  and  related  uncertainties  in 
detail.  We  stress,  therefore,  that  our  choices  for  k,  ai, 
0i,  X  and  <t>t  in  the  previous  section  are  undoubtedly 
somewhat  in  error,  and  we  turn  now  to  an  analysis 
of  the  effects  of  such  errors  on  the  flux  estimates. 

We  consider  separately  the  effects  of  errors  in  k,  ai, 
0i,  X  and  <f>(,  and  allow  no  other  errors.  We  assume 
the  error  level  is  sufficiently  small  that  we  can  use 
a  linearized  analysis.  It  is  convenient  to  do  this  by 
differential  calculus,  as  we  can  illustrate  by  an  example 
involving  an  error  in  0X.  We  write  the  stability  index  5 
as,  from  (22), 


in  0i,  d0i  is 


S=S(k,puai,z/L,X,<j>t). 


(35) 


We  assume  S  is  calculated   exactly  from   structure 
parameters,  using  (23) ;  thus  dS=0,  so  that 


6S  dS 

0= — JjSH d(z/L). 

dPi  d(z/L) 


(36) 


dSr    dS   t1 

d{z/L)= — \    dpi.  (37) 

d0iLd(z/L)J 

Now  let  F  be  any  one  of  the  fluxes.  From  (17)— (19), 
we  have  in  general 


F=F(A,«1,/31,X,0«). 


The  flux  error  is 


dF  dF  dF 

dF= — d^-\ dX-\ d<(>(, 

d0i  dX         &4>( 


which,  on  using 


dX 
dX=-    —d(z/L), 


d<f>t  =  - 


d(z/L) 
d<j>( 

d(z/L) 


d(z/L), 


(38) 
(39) 

(40) 
(41) 


and  (37),  finally  yields 


dF 


dF     rdF     dX 


1 30i    L 


dX  d(z/L) 

dF     d<f>t   ~\dSr    dS 


d<t>t  d(z/L)Jd01ld(z/L) 


|    \m' 


(42) 


Thus  the  error  in  z/L,  d(z/L),  caused  by  the  error 


The  calculation  of  the  flux  errors  induced  by  errors 
in  k,  «i,  X  and  <j>t  proceeds  similarly.  The  results  of 
this  error  analysis  appear  in  Fig.  2.  The  upper  panel 
shows  that  momentum  flux  is  relatively  sensitive  to 
errors  in  al}  for  example;  the  sign  of  the  flux  error 
is  opposite  that  of  the  error  in  «i,  has  the  same  per- 
centage magnitude  at  z/L  =  0,  and  increases  for  stable 
or  unstable  stratification.  The  momentum  flux  is  less 
sensitive  to  errors  in  <f>(,  and  relatively  insensitive 
to  errors  in  k,  0i  and  X.  The  lower  panel  indicates 
that  the  errors  induced  in  the  scalar  fluxes  (Qo  and  M 0) 
are,  on  the  average,  smaller  than  stress  errors. 

From  our  earlier  discussion,  the  expected  errors  in 
k,  cl\  and  0i  are  of  the  order  of  15%  or  less.  Thus 
Fig.  2  suggests  these  should  not  cause  serious  flux 
uncertainties.  The  situation  for  X  and  <f>(  is  less  clear; 
the  uncertainty  in  these  is  probably  greater,  perhaps 
of  the  order  of  20-30%.  In  view  of  this,  and  the 
results  in  Fig.  2,  it  seems  that  under  unstable  condi- 
tions one  can  expect  some  difficulties  in  estimating 
momentum  flux  accurately  (say  to  within  20%) ; 
accurate  scalar  flux  estimates  should  be  easier.  While 
the  individual  curves  are  different  on  the  stable  side, 
the  overall  situation  there  should  be  about  the  same. 

The  second  source  of  flux  error  that  we  will  analyze 
lies  in  the  measurement  of  the  structure  parameters. 
We  denote  the  measured  structure  parameters  with 
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Fig.  2.  Flux  error  multipliers  (fractional  flux  error/fractional 
input  parameter  errors),  with  input  parameters  varied  sepa- 
rately :  ( )  k  varied ;  ( )  a\  varied ;  ( )  /3i  or  X  varied ; 

( — )  <(>t  varied.  Top  panel,  effect  on  momentum  flux;  bottom 
panel,  effect  on  scalar  fluxes. 


a  subscript  m : 


{C2T)m=C2T(l+eT), 
(C*Q)m  =  C2g(l+eq), 
(C2v)m=C2v(l+ev). 


(43) 
(44) 
(45) 


Here  er,  eq  and  ev  are  the  fractional  errors  incurred 
in  the  measurement  of  the  structure  parameters.  We 
assume  now  that  k,  a\,  (3i,  X  and  <j>f  are  known  exactly, 
and  that  there  are  no  other  errors.  We  consider  a  large 
ensemble  of  experiments  and  take  er,  eq  and  ev  to  be 
statistically  independent  and  have  zero  mean;  the 
root-mean-square  (rms)  fractional  errors  are  assumed 
equal  and  denoted  by  e. 

We  calculated  the  rms,  fractional  errors  in  the 
fluxes  by  again  assuming  small  input  errors  (e<0.3, 
say)  and  performing  a  linearized  analysis.  The  results 
are  presented  in  Fig.  3.  The  results  shown  are  for 
the  dry-land  (large  Bowen  ratio)  case,  where 


0.6irAf0 


pQo 


«1. 


(46) 


Results  for  typical  over-sea  conditions  (0.61TM0~pQo) 
differ  only  slightly  from  those  of  Fig.  3.  The  results 
of  Fig.  3  indicate  that  the  momentum  flux  is  most 
sensitive  to  structure  parameter  errors.  This  sensi- 
tivity is  largest  under  unstable  conditions,  where 
the  rms,  fractional  momentum  flux  error  is  about 
twice  that  in  the  structure  parameters.  The  scalar 
fluxes  are  less  sensitive,  particularly  under  unstable 
conditions. 


Finally,  we  made  several  key  assumptions  in  our 
development  of  our  indirect  technique,  and  these  are 
also  a  potential  source  of  errors.  We  assumed  /3i«  =  j3ig, 
which  is  plausible  but  not  firmly  verified.  We  also 
assumed  Xe=Xq;  Warhaft's  (1976)  arguments  sug- 
gest they  might  differ  slightly,  but  here  again  there 
appear  to  be  no  data  suitable  for  .a  critical  examina- 
tion of  this  question.  There  is  also  the  question  of 
the  extent  to  which  the  locally  homogeneous,  stationary 
surface  layer  follows  M-0  similarity.  Businger  (1973) 
has  examined  some  of  the  effects  on  surface-layer 
structure  caused  by  the  large,  convective-driven  eddies 
which  fill  the  unstable  planetary  boundary  layer. 
Panofsky  et  al.  (1977)  used  recent  data  to  show  that 
horizontal  wind  variances  in  the  unstable  surface 
layer  are  not  M-0  similar  but  are  tied  to  these  large 
eddies.  It  seems  possible  that  they  could  also  cause 
deviations  from  M-0  similarity  in  the  turbulent 
kinetic  energy  budget,  and  hence  also  in  X  and  <j>f, 
in  the  unstable  surface  layer.  Further  research  on 
deviations  from  M-0  similarity  would  be  particularly 
useful. 

4.  Averaging  times 

While  the  statistical  properties  we  are  discussing, 
such  as  fluxes  and  structure  parameters,  are  in  prin- 
ciple determined  from  ensemble  averages,  in  practice 
we  must  use  time  averages.  It  is  known  (Ffaugen  et  al., 
1971 ;  Wyngaard,  1973)  that  very  long  averaging  times 
are  required  in  order  that  direct,  single-point  heat 
and  momentum  flux  estimates  in  the  unstable  surface 
layer  approach  their  true  ensemble  means.  Indica- 
tions are  that  several  hours  are  required  for  accurate 
flux  estimates  in  the  mid-regions  of  a  convective 
boundary  layer.  Higher  moments  require  even  longer 
averaging  times,  and  this  is  a  serious  limitation  of 
fixed-point  boundary  layer  turbulence  measurements. 

Our  indirect  flux  measurement  method  requires 
time-averaged  structure  parameters.  These  can  be 
found  in  two  ways — from  paired,  point  measure- 
ments, using  their  definitions  in  (7)- (9),  or,  in  prin- 
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Fig.  3.  Flux  error  multipliers  (rms  fractional  flux  error  divided 
by  rms  fractional  structure  parameter  errors).  For  simultaneous, 
statistically  independent,  equal-amplitude  structure  parameter 
errors,  and  0.6lTM0<^pQo  (dry  land). 
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ciple,  from  path-averaged  optical,   acoustic  or  radio 
wave  measurements  (Tatarskii,  1971). 

As  an  example  of  the  second,  C%  can  be  determined 
from  optical  scintillations.  Under  normal  conditions 
over  dry  land  [Q.6lTM0«j)Qo)  optical  refractive  index 
fluctuations  are  caused  almost  entirely  by  tempera- 
ture fluctuations  (Friehe  et  al.,  1975),  and  the  re- 
fractive index  structure  parameter  C\  is  proportional 
to  C%.  The  log-intensity  variance  of  a  point  detector 
receiving  a  spherical  wave  of  wavenumber  k  over  a 
horizontal,  uniform  path  of  length  R  is  (Lawrence 
and  Strohbehn,  1970) 


Thus 


rL  =  0,50CV/6tf"/6 


(47) 


in  the  linear  theory.  Thus  C\  can  be  found  from 
log-intensity  variance  measurements  or  from  spaced 
temperature  sensors. 

The  structure  parameters  C\  and  C\  can  also  (in 
principle)  be  determined  from  other  wave  propaga- 
tion measurements.  Humidity  contributes  to  both  the 
optical  and  radio  refractive  index,  so  intensity  and 
phase  fluctuations  at  the  detector  also  contain  in- 
formation on  C2.  The  time  changes  in  intensity  and 
phase  are  affected  not  only  by  the  mean  wind  across 
the  optical  and  radio  path,  but  also  by  the  velocity 
fluctuations  along  the  path;  thus  the  received  beam 
also  contains  information  on  C\.  In  a  more  direct 
way,  acoustic  intensity  fluctuations  are  caused  by  C\. 
Techniques  for  inferring  C\  and  C\  from  wave  propa- 
gation measurements  are  yet  to  be  demonstrated, 
however,  and  we  will  confine  ourselves  here  to  C2T. 

Each  of  the  two  ways  of  determining  C2T — from 
spaced,  point  temperature  measurements  or  from 
optical  scintillations — requires  time  averaging  of  a 
random  signal.  Our  question  is:  how  do  the  required 
averaging  times  compare? 

We  base  our  analysis  on  the  discussion  by  Lumley 
and  Panofsky  (1964).  They  show  that  the  averaging 
time  T  required  to  determine  within  a  fractional  error  e 
the  average /r,  defined  by 


1     f 


fit'W; 


(48) 


is 


2j'h 


(49) 


where  t  is  the  integral  scale  of  f(t)  and  f'2  is  the 
ensemble  average  variance  of  /  about  its  ensemble 
mean  /.  In  each  case  here  /  is  a  squared  signal : 

/direct  =  LTOM)  -  T(x+T,t)J=  AT2,  (50) 

/optical  (In/)2.  (51) 


p 
p 

direct 
optical 

(AT2-AT2)2 
= =A' 

(AT2)2 

r 

[(In/)2- (In/)2]2 

p 

Ton/)2!2 

(52) 


-^optical-  1,  (53) 


where  K  is  the  kurtosis  of  the  signal,  i.e., 


(x2y- 


(54) 


If    we   fix    the    accuracy    requirements,    the    ratio    of 
required  averaging  times  becomes 


/'direct         [_t{K—  1)  Jdirect 
I  optical        LT('^-         l)Joptical 


(55) 


We  will  now  estimate  K  and  t  for  the  two  processes. 
Taking  the  direct  measurement  first,  we  assume  that 
the  separation  vector  r  of  the  temperature  sensors  is 
perpendicular  to  the  mean  horizontal  wind  V.  The 
integral  scale  of  the  time  signal  AJ12^)  — [r(x,/) 
—  r(x+r,/)]2  is  defined  in  terms  of  its  correlation 
function  Rat2(t),  i.e., 


TAT2 


I     R^{t)Jt  I 


RaT<t)Jt  /  i?AT2(0), 


(56) 


where  Rat2(t)  is 


^T<r)  =  [Ar2(0)-Ar(0)][Ar2(r)-AP(r)].     (57) 

In  order  to  make  this  tractable  we  will  assume, 
for  estimation  purposes,  that  AT2^)  is  a  Gaussian 
process.  When  (57)  is  expanded  the  fourth  moments 
can  be  expressed  as  products  of  second  moments, 
and  we  find 

R^{t)  =  2R\t(t),  (58) 

where  Rat(t)  is  the  correlation  function  of  AT,  i.e., 


Rat(t) 


=  LT(x,0)  -  r(x+r,0)jr(x,r)  -  r(x+r,r)] 


(59) 


Expanding  (59),  assuming  Taylor's  hypothesis  in 
order  to  relate  temporal  and  streamwise  spatial  cor- 
relations, and  assuming  local  isotropy  gives 


Rat(t)  =  DT(r-  Vt)-Dt(Vt). 
In  this  range  of  separation  we  have 

DT{t)  =  DT{r)  =  C\r\ 


Rat{t)  =  C2t\t-Vt\ 


■C2t\Vt\ 


(60) 

(61) 
(62) 


625 


July  1978 


J.     C.     WYNGAARD    AND    S.     F.     CLIFFORD 


1210 


Combining  (56),  (58)  and  (62)  and  integrating  gives 
finally 

TAT*~r/3U,  (63) 

where  U  =  |  V  | . 

We  also  need  the  kurtosis  of  AT.  Park  (1976)  has 
measured  structure  functions  of  velocity  and  tempera- 
ture at  3.8  and  4.8  m  above  the  ocean,  and  finds  that 
for  streamwise  separations  in  the  range  1  cm<r 
<  100  cm, 

KAT~m(r/v)-°*,  (64) 

where  77  =  (v3/e)*  is  the  Kolmogorov  microscale  and  v 
the  kinematic  viscosity.  Measurements  at  1.4  m  over  a 
wheat  canopy  by  Antonia  and  Van  Atta  (1978)  sug- 
gest a  constant  in  (64)  closer  to  80  and  an  exponent 
—  \,  but  the  difference  for  our  purposes  is  negligible 
and  we  will  use  (64). 

The  expression  for  the  averaging  time  for  direct 
measurement  of  C%  becomes,  from  (49),  (51),  (63) 
and  (64), 


;cc(30/i/)r°-y-4. 


(65) 


This  estimate  should  be  useful  throughout  the  bound- 
ary layer,  although  we  will  use  it  only  in  the  surface 
layer.  Note  that  the  t?°  4  term  is  essentially  constant 
there  (V^*-01)  so  the  dominant  influences  on  TdiIect 
are  r  and  U.  We  should  not  expect  (65)  to  hold  as 
we  approach  free  convection  (U— >0)  under  unstable 
conditions.  There  the  large  eddies  give  short  term 
mean  horizontal  wind  speeds  of  the  order  of  w* 
=zL(g/To)QaZi]i  in  the  surface  layer,  and  thus  rdlrect 
does  not  grow  without  bound  in  this  case  as  U—*0, 
as  implied  by  (65). 

We  turn  now  to  the  optical  scintillations.  Log- 
intensity  fluctuations  are  closely  Gaussian  (Lawrence 
and  Strohbehn,  1970)  so  A'    tlc aI=3,  and 


i?(m/)<r)=2icL(r). 


(66) 


The  correlation  function  R\ni  has  been  calculated 
(Clifford  et  al.,  1974).  For  a  point  detector  and  spheri- 
cal waves,  we  find  by  numerical  integration 


^optical ' 


0.27  (\R)i 

Un 


(67) 


where  X  is  the  optical  wavelength,  R  the  optical  path 
length,  and  Un  the  mean  wind  transverse  to  the  path. 
Combining  these  results  for  K  and  r  for  the  optical 
process  gives 


optical ' 


0.5(XA>)* 


(68) 


Note  that  Un  here  plays  the  role  of  U  in  the  expres- 
sion (65)  for  Tdirect,  and  we  should  not  expect  that 
^optical- >0°  as  Un— *0  under  very  unstable  conditions. 
Note  also  that  roptlcal  is  predicted  to  increase  as  the 


path  length  R  increases.  This  is  because  optical  tech- 
nique essentially  measures  the  intensity  of  eddies  of 
size  near  (Xic)*,  and  the  averaging  time  to  determine 
this  intensity  increases  linearly  with  the  eddy  size. 
The  increased  averaging  time  indicated  for  longer 
paths  should  be  offset  by  the  increased  representa- 
tiveness of  the  longer  path  estimate.  The  path  weight- 
ing function  for  the  optical  scintillation  technique  is 
closely  parabolic,  varying  as  [(x/R)(l  —  x/ic)J5/6,  where 
x  is  the  position  along  the  optical  path. 
Combining  (65)  and  (68)  gives 


Tdirect        60r°V-4L/n 


^optical  (\R)*U 


(69) 


For   a    typical    case   r=20   cm,   77  =  0. 1    cm,    Un=U, 
X  =  0.6X10-6  m,  A  =  300  m,  giving 


Tdi 


1  opti 


100. 


(70) 


ptical 


This  indicates  that  the  optical  technique  for  de- 
termining C%  under  these  conditions  will  require  only 
1%  the  averaging  time  of  the  direct  measurement, 
for  the  same  accuracy.  Our  experience  indicates  that 
at  2  =  5  m  under  typical  conditions  this  means  10-20  s 
as  opposed  to  15-30  min.  This  estimate  should  hold 
throughout  the  surface  layer. 

5.  Discussion 

Other  parameters  which  can  in  principle  be  de- 
termined from  propagation  measurements,  such  as  the 
mean  vertical  gradients  of  wind,  temperature  and 
humidity,  can  also  be  used  to  infer  fluxes  indirectly. 
In  fact  this  is  the  traditional  approach  to  indirect 
flux  measurements,  as  discussed  by  Champagne  et  al. 
(1977).  We  cast  our  theory  in  terms  of  structure 
parameters  because  they  enter  directly  into  the  theory 
of  wave  propagation  through  turbulence;  thus  one 
can  (in  principle)  infer  structure  parameters  by  ob- 
serving turbulence  effects  on  propagated  waves. 

Up  to  this  point  we  have  made  no  mention  of  the 
joint  temperature-humidity  structure  parameter  Crq 
which  arises  through  the.  correlation  between  tem- 
perature and  humidity  fluctuations.  Crq  also  affects 
electromagnetic  and  acoustic  wave  propagation  (Gos- 
sard,  1960;  Friehe  et  al.,  1975),  since  the  refractive 
index  fluctuation  n  can  be  expressed  in  general  as 


»=  —  C{8-\-aq), 


(71) 


where  C  is  a  conversion  constant  and  the  factor  a 
depends  on  the  wavelength  of  the  radiation.  Eq.  (71) 
implies  that  the  structure  parameters  are  related  by 
(Wyngaard  et  al.,  1978b) 


Cl«C2T+2aCTg+a2Cl. 


(72) 
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Wyngaard  el  al.  (1978b)  discuss  the  surface  layer 
behavior  of  Crq,  showing  that  it  is  maintained  by 
processes  analogous  to  those  which  maintain  C%  and  C2q. 
Our  theory  here  could  have  been  posed  in  terms  of  Crq 
rather  than  C\,  but  we  chose  not  to  do  this  since  at 
present  there  is  no  demonstrated  technique  for  de- 
termining either  one  from  propagation  measurements. 
As  propagation  effects  become  better  explored,  how- 
ever, the  structure  parameter  Crg  might  well  be  a 
useful  key  to  surface  layer  fluxes. 
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1. 


INTRODUCTION 


The  range  of  space  and  time  scales  of 
atmospheric  motions  is  nearly  infinite.   How- 
ever, studies  of  atmospheric  motions  are  almost 
always  limited  to  a  relatively  narrow  range  of 
scales.   This  invariably  raises  questions  of 
the  sampling  rates  and  averaging  periods  that 
should  be  chosen  to  assure  a  proper  understanding 
of  the  particular  scales  of  motion  being  studied. 
In  this  paper,  I  will  discuss  sampling  rates  and 
averaging  periods  related  to  turbulent  motions  in 
the  atmospheric  boundary  layer. 

The  first  part  of  the  paper  is  based  on 
work  by  Lumley  and  Panofsky  (1964) ,  Wyngaard 
(1973),  and  Wyngaard  et  al .  (1974).  The  objec- 
tive is  to  illustrate  sampling  and  averaging 
problems  inherent  in  in  situ  measurements  of 
turbulence  quantities  such  as  means,  variances, 
covariances,  and  higher  order  moments.   Sampling 
problems  related  to  computation  of  turbulence 
spectra  are  not   discussed. 

The  second  part  of  the  paper  deals 
with  the  problem  of  comparing  in-situ  sensors  and 
remote  probes  in  the  measurement  of  wind  speed 
means,  variances,  and  covariances.   The  discus- 
sion is  restricted  to  the  comparison  of  conven- 
tional anemometry  with  devices  that  derive  wind 
data  from  measured  Doppler  frequency  shifts  of 
backscattered  energy. 


2. 


MEASUREMENT  OF  TURBULENCE  PROPERTIES 


The  statistical  theories  of  turbulence 
employ  a  concept  defined  as  the  ensemble  average. 
In  principle,  an  ensemble  average  of  a  property 
can  be  obtained  by  observing  a  random  process  an 
infinite  number  of  times  while  holding  fixed  all 
the  controlling  conditions  for  the  process.   For 
example,  suppose  that  the  air  speed  at  a  fixed 
point  in  a  wind  tunnel  is  a  random  process  con- 
trolled by  the  physical  properties  of  the  tunnel, 
the  density  of  the  air,  and  the  pressure  head 
driving  the  mean  flow.  An  ensemble  of  air  speeds 
can  be  obtained  by  repeatedly  measuring  the  speed 
while  holding  the  controlling  conditions  con- 
stant.  One  can  then  imagine  computing  moments 
(mean,  variances,  third  moments,  etc.)  or  any 
other  turbulence  property  desired  from  this 
ensemble.   The  result,  by  definition,  would  be  a 
perfect  description  of  the  turbulence  property 
computed.   We  define  any  finite   set  of  air  speed 
values  as  a  realization  of  turbulenoe   for  the 
same  constant  controlling  conditions.   Any  tur- 
bulence property  we  compute  from  this  realization 
will  probably  differ  from  its  ensemble  value. 
There  are  various  statistical  techniques  we  can 
use  to  estimate  the  error  or  difference  between  a 
value  based  on  a  realization  and  its  ensemble 
value.   But  the  basic  point  to  appreciate  is  that 
our  knowledge  of  a  turbulence  property  will 


always  be  imperfect  based  as  it  is  on  finite 
realizations  of  the  turbulence.   Statistical 
theories,  however,  predict  that  the  size  of  error 
decreases  in  direct  proportion  to  the  number  of 
realizations  and  to  the  length  of  the  observation 
period  of  a  given  realization. 

Let  us  now  consider  these  same  concepts  in 
the  context  of  the  atmospheric  boundary  layer. 
The  first  complication  we  note  is  that  we  can 
rarely  define  with  confidence  the  controlling 
conditions  for  any  random  process.   This  has 
profound  effect  on  our  knowledge  of  turbulence 
for  it  means  that,  contrary  to  the  wind  tunnel 
example,  we  have  great  difficulty  in  defining  a 
realization  of  turbulence.  As  a  direct  conse- 
quence, we  frequently  resort  to  measuring  a  time 
series  of  a  process  at  a  fixed  point  in  space. 
The  resulting  time  averages  are  then  the  only 
estimates  we  have  of  the  corresponding  ensemble 
averages.   The  literature  is  rich  with  evidence, 
however,  that  these  estimates  are  very  reliable 
for  carefully  chosen  conditions  of  horizontally 
homogeneous  flat  terrain  and  near  stationary 
turbulence.   Experiment  and  theory  are  well- 
linked  in  this  case  and  have  established  a  firm 
basis  for  a  large  number  of  similarity  analyses. 
But  even  for  this  idealized  situation,  there  are 
serious  sampling  and  averaging  problems  to  con- 
sider which  depend  strongly  on  the  particular 
turbulent  process.   Lumley  and  Panofsky  (1964, 
pp.  35-38)  show  that  the  averaging  period,  T, 
required  to  measure  a  random  process,  f,  to  a 
given  level  of  accuracy,  a,  is  given  by 


^  2xf 


f  a 


(1) 


where  T  is  the  integral  time  scale  of  f  and 

"~2* 
f   is  the  ensemble_average  variance  of  f  about 

its  ensemble  mean,  f.   Using  this  expression, 
they  estimate  that  it  takes  roughly  five  times  as 
long  to  determine  a  fourth  moment  to  the  same 
accuracy  as  a  second  moment.  This  same  expres- 
sion is  used  by  Wyngaard  (1973)  and  Wyngaard  et 
al.  (1974)  to  estimate  averaging  times  for 
Reynolds  stress,  uw,  and  heat  flux,  w6.   Within 
the  framework  of  a  mathematical  model  of  boundary 
layer  flow,  they  show  that  it  takes  roughly  twice 
as  long  for  the  heat  flux  and  ten  to  two  hundred 
times  as  long  for  Reynolds  stress  to  attain  the 
same  accuracies  as  for  the  variance. 

Translation  of  these^  estimates  into 

specific  recommendations  for  averaging  times  is 

not  possible  with  our  present  knowledge  of  bound- 

'  2  —2 
ary  layer  turbulence.   Both  x  and  f  /f  are 

functions  of  the  process  f  itself,  of  height,  and 
of  stability.   However,  for  purposes  of  illustra- 
tion, let  us  assume  that  t  equals  one  second  for 
all  processes  (admittedly  a  crude  assumption) . 
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Then,  as  suggested  by  Wyngaard  in  the  cited 
references,  the  guidelines  presented  in  Table  1 
can  be  computed. 


Table  1.     Percentage  error  of  estimates  for 

eeleoted  random  processes  and  averaging 

periods,   T. 


Process 


T  =  15  min 


T  =  60  min 


Mean  wind  speed 

1% 

0.5% 

Wind  speed  variance 

1% 

3.5% 

Heat  flux 

10% 

5% 

Reynolds  stress 

20  to  100% 

10  to  50% 

On  the  basis  of  these  computations,  it  seems 
reasonable  to  assume  that  third  moment  terms  such 

as  uvw,  uw  and  uw0  which  appear  in  various 
turbulent  energy  budget  equations  will  have 
uncertainties  equal  to  or  greater  than  the 
Reynolds  stress  uncertainties. 

If  the  averaging  period  could  be  in- 
creased indefinitely,  then  obviously  the  error  in 
estimating  all  processes  could  be  reduced  to  a 
negligible  amount.  However,  a  60-min  average  is 
about  as  long  as  practical  for  the  atmospheric 
boundary  layer.   Longer  averaging  periods  are 
adversely  affected  by  the  diurnal  cycle  in  sur- 
face heat  flux  and  height  of  the  mixed  layer. 
Indeed,  to  minimize  non-stationarity  effects,  one 
should  always  choose  averaging  periods  3  to  4 
hours  away  from  the  transition  periods  near  dawn 
and  dusk.  An  example  of  observational  periods 
selected  with  this  in  mind  may  be  seen  in  a 
recent  study  by  Kaimal  et  al.  (1976). 

Let  us  now  briefly  discuss  the  effects 
of  sampling  rate  on  estimates  of  turbulent  pro- 
cesses.  In  light  of  the  preceding  discussion, 
this  is  a  trivial  problem  for  stationary  turbu- 
lence where  one  can  extend  the  averaging  period 
indefinitely.  Provided  we  have  a  sensor  that 
introduces  no  errors  due  to  response  charac- 
teristics and  we  completely  sample  all  scales 
of  motion,  we  could  sample,  say,  once  an  hour 
for  1000  hours  or  once  a  second  for  1000  seconds 
and  expect  each  realization  to  be  an  equally  good 
estimate  of  the  ensemble  value.   (It  should  be 
noted  that  this  is  true  for  computing  processes 
such  as  moments.   It  can  cause  serious  error  in 
computing  spectra.  That  is,  a  statistically 
stable  estimate  of  the  variance  can  be  obtained 
with  a  very  slow  sampling  rate,  but  the  variance 
spectra  would  be  seriously  distorted  by  aliasing 
effects.)  However,  we  have  already  noted  that 
averaging  periods  should  not  exceed  1  hour  for 
most  boundary  layer  studies.  Once  the  length  of 
the  averaging  period  is  fixed,  it  becomes  im- 
portant to  choose  sampling  rates  optimized  for 
the  processes  one  wishes  to  study.  In  an  attempt 
to  obtain  an  empirical  judgment  of  the  magnitude 
of  this  problem,  data  were  selected  from  a  series 
of  boundary  layer  experiments  conducted  in 
Minnesota  (Izumi  and  Caughey,  1976).  Four  periods, 
each  150  min  long,  were  analyzed  for  the  convec- 
tive  boundary  layer. 


The  basic  data  were  recorded  at  a 
sample  rate  of  10  per  second.  Three  additional 
sample  rates  were  chosen  for  study:   1  per  second, 
1  per  10  seconds,  1  per  100  seconds.  For  each  of 
the  four  sample  rates,  variances  of  the  wind  and 
temperature  data,  heat  flux,  and  Reynolds  stress 
were  computed  for  averaging  periods  of  15,  30, 
75,  and  150  minutes.  Percentage  differences  were 
then  noted  between  a  process'  value  based  on  a 
10/sec  sample  rate  and  its  value  at  each  of  the 
other  three  sample  rates.  The  maximum  range 
observed  of  these  differences  for  two  selected 
heights  is  presented  in  Figs.  1  through  3  as  a 
function  of  sample  size.  The  differences  decrease 
from  over  100%  for  very  small  sample  sizes  (N  <_  90) 
to  only  a  few  percent  for  large  sample  sizes 
(N  _>  900) .  It  is  also  seen  that  the  relative 
errors  between  the  different  processes  is  con- 
sistent with  the  guidelines  suggested  in  Table  1 
for  choosing  averaging  periods,  i.e.,  the  differ- 
ences observed  for  Reynolds  stress  values  appear 
asymptotically  greater  than  for  heat  flux  or 
variance. 

It  is  interesting  to  note  that  the 
differences  are  comparable  with  those  given  in 
Table  1  for  60  minute  averaging  periods  when  the 
sample  size,  N,  is  equal  to  or  greater  than  450 
(equivalent  to  an  averaging  period  of  75  minutes 
and  a  sample  rate  of  once  per  10  seconds).  We 
have  implied  by  this  study  that  the  values  based 
on  sample  rates  of  10  per  second  are  our  best 
possible  estimates  of  the  ensemble  values,  but 
this  may  be  entirely  unwarranted;  estimates  based 
on  slower  sampling  rates  may  be  equally  accurate 
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Figure  1.     Percent  difference,   a  (w),   vs  sample 
size. 
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Figure  2.     Pereent  difference,  wT}   vs  sample 
size. 
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estimates  of  the  ensemble  values.  However,  it 
must  be  noted  that  this  cannot  be  confidently 
determined  on  the  basis  of  the  analysis  sum- 
marized here.   In  effect,  the  results  simply 
describe  the  accuracy  with  which  the  realiza- 
tions based  on  the  slower  sampling  rates  approxi- 
mate the  realization  based  on  a  rate  of  10  per 


second.  Therefore,  until  such  time  as  extensive 
similarity  analyses  are  performed  with  differing 
sample  rates,  it  seems  prudent  to  achieve  the 
most  reliable  realization  possible.   This  means 
that  sample  rates  should  generally  be  governed 
by  the  scale  sizes  that  contribute  to  the  process 
of  interest. 

It  must  be  noted  that  sampling  problems 
introduced  by  horizontal  inhomogeneities  in 
terrain  cover  or  topography  or  by  non-stationari- 
ties  such  as  frontal  passages,  fast-moving  large- 
scale  pressure  system,  meso-scale  disturbances 
such  as  rain  cells,  or  diurnal  variations  in  the 
boundary  layer  have  been  ignored  in  all  of  the 
above.   The  possible  effect  of  complex  terrain  on 
momentum  flux  profiles  may  alone  be  sufficient  to 
warrant  relatively  high  sample  rates. 

It  is  risky  to  do  so,  but  on  the  basis 
of  the  material  presented  here,  I  will  suggest 
some  general  guidelines  for  gathering  turbulence 
data  in  the  boundary  layer.  Record  data  at  a 
rate  of  1  to  5  times  a  second  for  convective 
situations,  5  to  20  times  a  second  for  stable 
situations.  Plan  to  use  averaging  periods  of  15 
to  60  minutes.  Averaging  for  longer  than  60 
minutes  can  be  undesirable  in  many  instances. 
Modify  these  guidelines  as  necessary  to  accommo- 
date any  spectral  analyses  planned.  Expect  to  be 
plagued  with  considerable  scatter  in  any  analyses 
involving  Reynolds  stress  or  any  of  the  higher- 
order  moments  regardless  of  (any  reasonable) 
sample  rate  and  averaging  period  chosen. 

3.        COMPARISON  OF  REMOTE  PROBING  AND 
IN  SITU  SENSORS 

Let  us  consider  remote  probe  devices 
that  measure  the  wind  by  detecting  the  Doppler 
frequency  shift  of  a  backscattered  signal.  The 
transmitted  energy  that  irradiates  the  atmos- 
phere is  always  of  some  finite  beamwidth  which 
leads  to  a  Doppler  spectrum   in  each  backscatter 
return.   Ideally,  the  Doppler  spectrum  is  uni- 
modal  and  the  wind  speed  sample  will  be  derived 
from  the  frequency  shift  for  the  Doppler  spectral 
peak.   The  width  of  the  Doppler  spectrum  is 
interpreted  as  Doppler  shifts  caused  by  turbu- 
lent eddies  roughly  equal  to  and  smaller  than  the 
size  of  the  volume.  Given  these  broad  character- 
istics, it  is  possible  to  outline  some  simple 
guidelines  to  follow  for  comparing  devices  of 
this  type  with  conventional  anemometry.  Three 
different  turbulent  processes  are  discussed  for 
illustration  purposes:  mean  wind  speeds,  wind 
component  variances,  Reynolds  stresses.  Two 
classes  of  experiments  are  considered.  One  is 
characterized  by  the  sampling  volume  of  the 
remote  probe  device  being  focused  to  within  a 
very  few  meters  of  the  anemometer;  the  other  by 
being  focused,  say,  100  to  300  meters  from  the 
anemometer.  It  is  assumed  that  conditions  of 
horizontal  homogeneity  and  stationarity  prevail. 

Let  us  examine  sampling  and  averaging 
problems  for  mean  wind  speed  first.   If  the 
sampling  volume  is  small  and  focused  close  to  the 
anemometer,  then  the  remote  probe  device  and  the 
anemometer  can  be  assumed  to  sample  the  same 
random  process.   In  this  case,  the  averaging 
period  can  be  as  short  as  a  minute,  say,  and  will 
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provide  a  suitable  set  of  mean  wind  speed  com- 
parison data.   In  the  large  separation  case,  one 
should  assume  that  the  random  processes  being 
sampled  are  spatially  separated  by  one  or  more 
integral  scales  of  turbulence.  They  should  then 
be  treated  as  independent  realizations  of  the 
same  turbulent  process.   In  keeping  with  the 
estimates  given  in  Table  1,  this  means  the  set 
of  mean  wind  speed  comparison  data  should  be 
based  on  roughly  15-min  averages  to  minimize 
differences  arising  solely  from  sample  depar- 
tures from  the  ensemble  mean. 
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Similar  reasoning  can  be  applied  to 
the  problem  of  comparing  variances  and  Reynolds 
stresses.  Again,  in  keeping  with  Table  1,  one 
should  use  averaging  periods  of,  say,  3  to  5 
minutes  for  comparison  data  obtained  practically 
in  the  same  volume,  60  minutes  for  sampling 
volumes  well  separated  in  space.   In  the  latter 
case,  particularly,  one  should  expect  substan- 
tially more  scatter  in  the  data  points  than  in 
the  comparison  of  mean  wind  speeds.   (As  a 
practical  matter,  it  should  be  noted  that  the 
scatter  is  reduced  significantly  if  comparison 
data  for  the  large  separation  case  are  obtained 
only  when  the  wind  is  blowing  from  the  remote 
probe  device  to  the  in-situ  anemometer.  An 
application  of  this  elementary  rule  of  thumb  may 
be  seen  in  Haugen  et  al.,  1975.) 

There  is  a  sampling  problem  to  consider 
in  determining  variances  with  the  remote  probe 
devices.  Turbulent  wind  fluctuations  of  scale 
size  roughly  equal  to  or  less  than  the  size  of 
the  sampling  volume  will  not  enter  the  variance 
computations.  That  is,  the  finite  sampling 
volume  acts  as  a  filtering  device  which  suppresses 
the  high  frequency  wind  fluctuations.  This  means 
that  an  underestimation  of  the  variance  will 
always  be  superimposed  on  the  natural  scatter 
obtained  in  a  set  of  comparison  data.   It 
might  well  be  possible  to  reduce  this  under- 
estimation to  a  negligible  level  by  using  a 
measure  derived  from  the  time  history  of  the 
widths  of  the  Doppler  spectra  or  the  areas  under 
the  Doppler  spectra.  The  mechanics  for  an  opti- 
mum method  to  do  this  would  most  likely  depend  on 
the  underlying  operating  characteristics  of  the 
particular  Doppler  device. 

It  does  not  follow  that  the  spatial 
filtering  is  equally  serious  for  observations  of 
Reynolds  stress.   If  the  sampling  volume  is 
sufficiently  small,  the  only  eddy  sizes  filtered 
out  will  be  those  which  do  not  contribute  to  the 
covariance.  To  my  knowledge,  there  has  been  no 
systematic  evaluation  of  any  remote  probe  device 
for  the  measurement  of  either  variances  or  co- 
variances.  We  hope  to  conduct  studies  of  this 
type  at  the  Boulder  Atmospheric  Observatory  in 
the  near  future. 
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Abstract 

Convergence  analysis  of  the  adaptive  least  mean 
square  (LMS)  algorithm  is  based  on  the  fundamental 
assumption  that  the  data  vector  is  uncorrelated 
with  the  weight  vector  at  each  iteration.  This 
assumption  has  been  taken  to  mean  that  successive 
data  vectors  are  uncorrelated.  However,  when 
adaptation  of  the  algorithm  is  performed  at  inter- 
vals less  than  the  filter  length  plus  the  pre- 
diction delay  and  the  input  is  a  sinusoid  in  white 
noise,  it  is  shown  that  the  convergent  weight 
vector  no  longer  satisfies  the  minimum  mean  squared 
error  optimality  criterion.   Furthermore,  it  is 
shown  that  the  adaptation  proceeds  with  a  time 
constant  determined  by  the  input  noise  power. 
Results  of  a  computer  experiment  verify  the 
analytic  description  of  the  non-optimal  convergence. 

Introduction 

The  adaptive  least  mean  square  (LMS)  algorithm  has 
been  applied  to  many  signal  processing  applica- 
tions, e.g.,  adaptive  linear  prediction  filtering 
for  frequency  estimation  [1,2],  adaptive  noise 
cancelling  [3],  and  adaptive  line  enhancement  [4]. 
A  complete  development  of  the  algorithm,  summarized 
below,  is  available  in  all  of  the  above  references. 
The  basic  filter  structure  is  shown  in  Figure  1. 


Figure  1.     Basic  adaptive  linear  prediction  filter. 


The  prediction  distance  is  d  units,  and  the  data 
interval  on  which  the  prediction  is  based  is  L 
data  samples.  The  LMS  algorithm  that  updates  the 
weights  of  the  prediction  filter  is 


w,  ,  —  w. 

k  +  1    k 


MekXk 


(1) 


with  e.   the  error  between  the  actual  input  data 
sample  x,   and  the  predicted  sample  x.  ,  and  X, 
the  L  dimension  data  vector  at  time  k.  Vectors 
and  matrices  shall  be  denoted  by  capital  letters, 
and  scalars,  by  lower  case  letter.  A  convergence 
analysis  shows  that  when  the  weight  vector  W   is 
uncorrelated  with  the  data  vector  X  ,   the  LMS 
algorithm  drives  the  mean  weight  vector  M\} 
to  a  steady  state  which  is  identical  to  the  optimal 
minimum  mean  squared  error  (mse)  filter.  Thus, 
the  mean  steady  state  weight  vector  is 


W*=R  'P 
with  R  the  data  autocorrelation  matrix 
and  P  a  data  correlation  vector 
a  sinusoid  at  frequency  wo 


(2) 


E{xkX^. 
in  white  noise, 


E{XkXk}T 


For 


having  a  signal-to-noise  ratio  SNR  and  subject  to 
certain  non-restrictive  conditions  [5],  the  optimal 
weight  vector  is  approximated  by 

W*=(|  +  gj^T^coscood  cosoj0(d  +  l)..cosu)o(d+L-l)]T.(3) 


Furthermore, for  this  case  the  filter  gain  at  u)o 
is  easily  shown  to  be 


L   L 

>=  -/(  - 

2/l  2 


1 
SNR 


(4) 


The  convergence  analysis  of  the  LMS  algorithm 
invokes  the  "fundamental  assumption"  that  the 
weight  vector  W   is  uncorrelated  with  the  data 
vector  X.  for  all  k.  However,  when  weight  vector 
updates  are  performed  every  sample,  this  assumption 
is  clearly  erroneous  because,  as  the  data  samples 
propagate  down  the  prediction  filter,  successive 
data  vectors  are  correlated  exactly  at  a  lag  of  1. 

It  will  be  shown  that  this  erroneous  assumption 
may  lead  to  a  steady  state  weight  vector  that  is 
not  optimal  in  producing  a  minimum  mean  squared 
error.  Consequently,  the  predicted  data  sequence 
{x.  }  will  have  a  noise  component  additional  to 
that  which  standard  theory  predicts.   Furthermore, 
frequency  estimates  based  on  the  filter  coefficients 
or  the  x.  data  may  be  adversely  affected. 

When  the  adaptation  updates  are  performed  every  V»« 
L+d-1  input  samples,  successive  data  vectors, 
i.e., 


V  Xk-k' 


X.  -a   etc..  are  uncorrelated. 


However,  W.   is  still  correlated  with 
k 


because 


CH1285-6/78/0000-0091$00.75@1978IEEE 


91 


632 


the  input  sample  at  time  k-h,  x,  ,  (which  is  used 

K-  xl 

to  form  the  error  e.  .  that  in  turn  is  used  to 

k-h 
calculate  W,  )  has  propagated  only  L+d-1  steps 

and  is  the  last  element  of  the  data  vector  X.  . 

k  ' 
Therefore,  for  the  LMS  algorithm,  W,   is  in  fact 

correlated  with  X  except  when  the  update  interval 

is  greater  than  or  equal  to  L+d.   The  convergence 

analysis  presented  in  most  references  assumes  no 

correlation  between  W   and  X,  for  separating 

e{x,X,  W,  }  into  R  E\W.  }  to  obtain  the  mean  weight 

vector  convergence  result.  This  assumption  is 

clearly  unjustified. 

Calculation  of  steady  state  W 


Pursuing  the  above  observation  analytically  is  not 
easy.  However,  analyzing  a  simplified  case  will 
demonstrate  the  consequences  of  falsely  assuming 
uncorrelated  W   and  X  .  The  input  vector 
X,  can  be  separated  into  a  deterministic  signal 
vector  S  and  a  random  noise  vector  N  ,  i.e.. 

x 


vJ  • 


WNk'"with  xk=[ViV2-  •  •  vJT. 

Sk=tSk-lSk-2-  •  •  Sk-L]T'  Nk=[Vlnk-2- 
Let  h  represent  the  update  interval .   We  have 
observed  that  h  must  be  greater  than  or  equal  to 
L+d  for  the  fundamental  assumption  to  be  valid, 
however  the  algorithm  is  generally  updated  every 
sample.  Denote  the  subscript  on  the  weight  vector 
in  terms  of  h  so  that  successively  indexed  weight 
vectors  are  calculated  every  h  input  samples. 
The  LMS  algorithm  is  then 


k+h    k/h     k  k 


=  \/h  +  ^kWk  WR/h)  . 
For  the  preceding  adaptation  (h  samples  earlier) 


wwu  =  wl.  u  +  ue.  ,  X.  . 
k/h    k-h     k-h  k-h 


(5) 


■'I'W"  EK/h>  +  [5kVskskT  EK/hK  EKTlW 

h 

-  E<NkskT  VhJ  -EKNkT  wk/h>)  •  (8) 

Eq.  (6)  must  be  repeatedly  substituted  into  (8) 
for  all  previous  weight  vectors  until  the  expecta- 
tion operation  yields  only  zero  terms.  This 
"telescoping"  operation  must  be  performed  L  times 
for  h=l  but  only  once  (as  above)  when  h=L.   We 
shall  investigate  the  h=L  case  in  detail. 

Rewriting  (8)  for  h=L 
T 


»h\    1  EK/L>  *   ^skSk 
T, 


k  +  LJ 
L 


'k"k  k/L' 


-ME{N,N.\  ..} 


term  0 


term  1 


term  2 


term  3  (9) 


Term  0  is  the  "signal  portion"  of  the  LMS  algorithm. 
Terms  1  and  2  are  additional  terms  that  arise  when 
W   and  X.   are  correlated.  Term  3  is  the  "noise 
portion"  of  the  LMS  when  N,   and  W  .   are 
uncorrelated,  but  when  N,   and  W  .   are  correlated, 
term  3  can  be  separated  into  this  "noise  portion" 
component  plus  two  additional  terms,   that  cause 
the  non-optimal  convergence.   The  effect  of  terms 
1,  2  and  3  are  calculated  separately  and  then 
combined.  The  u  dependence  is  temporarily 
suppressed. 


Term  1 

By  substituting 
the  null  term  E 


[61  wi 

in  \ 


th  h=L  into  (9)  and  removing 


L 


k-h 

h 


W(xk-h  Xk-h- 


k-hXk-hWk-h 


). 


(6) 


x,  ,  is  used  to 
k-h 


We  observe  that  for  h<L+d, 

calculate  W.  .,  in  (6)  and  also  that 

k/h  k-h 

one  of  the  elements  of  X   in  (5).   Consequently 

Wfc .   and  X.   are  correlated.   We  desire  to 
calculate  the  steady  state  weight  vector 


W 


EK/hJ 


^kJ' 

h 


(7) 


but  the  correlation  in  the 


yXkXkTwk/h 


term 


prevents  calculating  a  simple  expectation  in  (5). 
By  separating  X,   into  a  deterministic  signal  and 
a  random  noise  term,  and  by  calculating  the  expecta- 
tion on  (1),  we  get  (after  removing  several  null 
terms) 


SkE^Wk/LJ   =  Sk  EiNk^(skVnk_L)T 

-(Vl+\-L>YJ    tSk-L+Nk-J} 
L 

=  ^Sk   EK-LNkTJSk-L 

=  U  °n  Sk-2L  Sk      •  (10> 

Term  1  has  a  form  similar  to  the  driving  term 
us,  S,   in  term  0.   Note  that  many  of  the  terms  in 

(10)  are  zero  because  the  consecutive  data  vectors 
are  uncorrelated  for  h=L,  i.e.,  EJN  N,   }=  0 

r    T  i  *  ^'^ 

and  E{N  N,   }=  0.  This  simplification  is  the 

principle  reason  that  an  analytic  solution  to  this 
h=L  problem  is  possible. 
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Term  2 

Performing  the  same  substitution  and  removal  of 
null  terms  as  above, 


EKSkT  \/l>SkT  Sk-LEK-LNk} 


=  U  O2  S.  T  S.  .  [0 

n  k   '  " 


Jk-L' 


.  0  1]T. 


(ID 


and 


Term  2  is  of  a  form  that  drives  only  the  last 
element  of  W  .  This  is  the  key  term  when  W^ 

X,   are  correlated, 
k 

Term  3 

Again  substituting  and  removing  null  terms, 

E<NkNkT  "k/I>  ^V/  WkJ  ^VJjVk-L 

L 

"^VA-L  \l)   Sk-L 
L 

-UE{NkNkTNjL     W^.J. 

L 

This  expression  is  considerably  simplified  if  we 
assume  that  for  all  k  the  weight  vector  predicts 
the  signal  portion  of  the  input  s^  accurately 
except  for  gain,  i.e.. 


(12) 


SkTwk/L  =  SkTw**a*$k'  'orallk 


(13) 


with  a*  the  filter  gain.  Using  this  assumption 
(which  will  be  verified  subsequently),  and  noting 
that  N,   is  uncorrelated  with  \_^   and  N^^, 
(12)  simplifies  to  L 

E<NkNkT  \/l>  °n  E<Wk-l>  °J<l-*>skSk-L 


L 


(14) 


For  nearly  all  cases  of  interest  (i.e.,  o/L«l), 

the  term  in  a1*  may  be  ignored,  and  the  third 

n 
term  in  (9)  is  approximated  by 

EVkT  wk/i>  <  Ef»va  ^  oici-**'«a-l  •  (i5) 

L 

Combining  these  three  expressions,  the  recursion 
for  the  expected  value  of  the  weight  vector  during 
convergence  to  a  steady  state  with  h=L  (i.e.,  (5) 
can  be  rewritten  as 

eK±l>  =  [i-»«AT]  E{wk/L}  +ysksk 

L 


-V*   °n  Sk-2L  Sk 

"^  °n  SkT  Sk-L  t°  ' 


0  1]' 


•»»  °n  BlVjJ  V  °n(1-a#:)SkSk-L 
L 


(16) 


For  steady  state  Eiwk.L}=  E{wwi}  •  Tne  auto- 

correlation  matrix  of  the  input  is  R=S.  S.  +a2I 

v  k  k   n 

and  the  recursion  driving  vector  is  P=s.S. .  The 

mean  weight  vector  recursion  from  (9)  can  now  be 
written  as 

EK+L}=  [I-WR]E{Wk/L}+  yP 

"T" 


"^  °n  Sk  Sk-Lt°  •  •  •  0  I]1 


(17) 


The  correlation  between  W   and  X.   (actually 
only  N, )   introduces  the  two  additional  terms. 
These  terms  modify  the  driving  term,  uP,  in  two 
different  ways.   The  first  driver  modifying  term, 
p2  o2  [s.  -.  S. +(l-a*)s.  S,  .],  has  the  same  form  as 

P.  This  term  changes, at  most,  only  the  magnitude 
and  phase  of  wP.   In  fact,  if  an  integral  number 
of  input  sinusoidal  periods  fit  into  the  filter 
length  L,   this  term  modifies  only  the  magnitude 
of  the  driving  term.   In  most  cases  of  practical 
interest  u2  o2  <<  y,   (or  equivalently  in  the  case 
of  a  single  sinusoid  in  white  noise  input,  a/L«l), 
so  we  can  ignore  this  first  modifying  term. 
However,  the  second  driver  modifying  term 
V   o2  S,  s.  , [0  ...01],  cannot  be  ignored.   It 
is  nominally  L  times  larger  than  the  first  extra 
term  and  it  has  a  different  form  than  yP.  This 

second  modifying  term  affects  only  the  L 

T 
element  of  W  .  Depending  on  the  S.  S.  .   inner 

product,  the  element  wL  may  be  larger  or  smaller 

than  the  other  elements  of  W.  . 

k 

The  preceding  analysis  holds  only  for  the  LMS 
algorithm  update  interval  exactly  equal  to  the 
filter  length,  i.e.,  h=L.  When  h<L,  consecutive 
data  vectors  X. ,  X.  .  etc.,  are  no  longer  un- 
correlated, and  more  terms  must  be  included  in  the 
expansion  of  the  last  three  terms  in  (9).   Many  of 
these  additional  terms,  which  "telescope"  back 
through  at  most  L  adaptations,  are  multiplied  by 
U  each  time  and  become  less  significant  with  each 
iteration. 

The  mean  weight  vector  recursion  can  be  summarized 
as  follows:   For  an  input  consisting  of  a  determin- 
istic signal  s.   in  white  noise  n,   of  variance 
o2  and  ct/L<<l,   the  mean  weight  vector  recursion 
for  the  LMS  algorithm  is 

EtWk*LJ=  [I-WR]E{\/L)+WP-OnSkTSk.LtO...O  1]T.    (18) 


The  last  term  in  this  recursion  changes  the  MP 
driving  term  and  causes  the  mean  steady  state 
weight  vector  to  converge  to  a  weight  vector  that 
does  not   produce  a  minimum  mse  output  error  sequence! 
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Example 

As  an  example  of  how  to  calculate  the  non-optimal 
steady  state  weight  vector,  consider  an  input 
consisting  of  a  DC  level  as  a  signal  in  white 
noise,  i.e.,  x.  =  A+n.  .  For  a/L<<l  we  may  use 
(2)  and  (18)  to  calculate  W^lim  E{w  }. 


W  =  R"1  A2{l  -  L  u  o2   [0  ...  0  1]T}        (191 

co         *  —       n 

with  1  =  [1  1  1  .  .  •  1]T.   Because  R=A2]_  l_T+o-2I  , 
R"1  may  be  calculated  using  Woodbury's  Identity 
[6], 


R"»  -JLi 

o2 
n 


a2  (a2   +LA2) 
nv  n 


1  1 


a2  [a2   ♦  LA2) 
n^  n 


(L-l)A2«o* 
-A2   . 


-A4 


-A2(L-l)A2+02 


(20) 


At  high  SNR  (i.e..,  SNR»1/L),  (20)  can  be  sub- 
stituted into  (15)  to  obtain  the  non-optimal 
steady  state  weight  vector 


W  =  W*  +  f  [1  1  . 
co         L 


1  (1-L)] 


with  W*  =  f  1.  For  L=8  and  a=0.2, 
W  =[.15  .15  .15  .15  .15  .15  .15  -.05]T 


(21) 


(22) 


Note  that  the  modification  of  the  driving  term  in 
(18)  has  "forced"  the  Lth  element  of  W^  to  be 
different  from  the  first  L-l  elements.  The  non- 
optimal  weights  still  predict  the  signal  exactly 
as  assumed  in  (13) . 

For  the  filter  parameters  given  above,  and  with 
adaptations  every  L=8  input  samples,  (h=8) ,  a 
simulation  must  be  run  for  approximately  105  input 
samples  in  order  for  the  convergence  described  in 
(18)  to  be  complete.   Performing  this  simulation 
yields  a  mean  steady  state  weight  vector  given  by 

W  =[.150  .165  .147  .160  .130  .145  .133  -.035]T.  (23) 


The  theoretical  and  simulated  results  are  shown  in 
Figure  2.  This  experiment  shows  that  non-optimal 
convergence  does  indeed  occur  for  a  stationary 
input  sequence. 

Although  the  analytic  description  of  steady  state 
convergence,  when  the  update  interval  is  less  then 
L+d-1,  is  extremely  complicated,  the  simulation  is 
easy  to  perform.  When  the  weight  vector  is  updated 
at  every  input  sample,  (h=l),  and  the  prediction 
delay  is  unity  (d=l),  the  steady  state  weight 


vector  for  a  DC  input  signal  closely  approximates 
a  ramp, 

W  =[.001  .032  .059  .082  .154  .183  .218  .262].    (24) 


0.200 


0.100  - 


-0.100 


Figure  2.      Comparison  of  theoretical    (dote)   steady 
state  weight  vector  with  experimental    (x's) 
steady  state  weight  vector. 

This  experimental  result  is  shown  in  Figure  3A. 

Update  intervals  l<h<L+d  generate  a  steady  state 
weight  vector  for  a  DC  input  that  has  pronounced 
"dips"  in  the  weight  vector  at  elements  correspond- 
ing to  £=jh-d+l  for  j=l,2,...  .   For 
example,  [d=l,  h=2]  generates 

W^  =[.182  -.045  .193  .038  .225  .032  .244  .110]T   (25) 

and  [d=2,  h=5]  generates 

Wro  =[.175  .159  .147  .021  .171  .156  .199  .184]T.   (26) 

These  curves  are  shown  in  Figures  3B  and  3C. 

Evidently,  these  dips  are  generated  because  of 

correlations  between  certain  elements  of  W,   and 

k 
the  input  noise  sample  n,   that  is  included  in 


X,  ,  X,  ,,  etc. 
k   k+h 


the  succession  of  data  vectors 

When  the  input  noise  sample  that  is  used  to  generate 

the  update  for  W  has  propagated  entirely  through 

the  prediction  filter,  the  correlation,  of  course. 

ceases.   It  seems  reasonable  that  the  correlation 

between  W.   and  X,  .  will  be  smaller  than  the 

k      k+h 
correlation  between  W   and  X,  and  so  on  down 

the  filter.  This  decrease  in  correlation  apparently 
explains  the  decrease  in  the  size  of  the  dips  in 
the  weight  vector  for  elements  farther  down  the 
filter.   If  we  assume  that  the  convergence  of  the 
difference  W  -W*  is  independent  of  the  convergence 
of  W*  alone,  then  the  steady  state  ramp  may  be 
explained.  The  W*  component  of  W  maintains  a 
constant  filter  gain  at  the  input  frequency 
regardless  of  a.  Therefore,  the  predicted  signal 
component  of  x,  is  identical  to  that  in  the 
optimal  convergence  case.   For  DC  or  sinusoidal 
inputs,  any  combination  of  weights  that  predicts 
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0.30 


0.20  - 


0.10 


The  transfer  function  of  the  non-optimal  prediction 
filter  W^  may  be  calculated  by  superposition. 
By  modelling  the  envelope  of  the  steady  state 
weight  vector  for  the  h=l  case  as  a  trapezoid,  the 
W*  component  is  real  and  even  about  fc=L/2,  and 
V^  is  real  and  odd  about  £=L/2.   The  W*  compon- 
ent has  a  transform  that  is  real  and  even  about 
o)0,   and  the  V^  component  has  a  transform  that 
is  imaginary  and  odd  about  to0 .   We  conclude  that 
the  magnitude  of  the  non-optimal  transfer  function 
remains  symmetric,  and  thus  unbiased  spectrum 
estimates  involving  the  non-optimal  prediction 
filter  remain  unbiased.  The  only  adverse  effect 
is  the  modification  of  the  transfer  function  at 
frequencies  away  from  too  and  the  subsequent  passage 
of  more  input  noise.  This  excess  mse  due  to  V 

T 

is  easily  shown  to  have  a  power  of  V  R  V  . 


0.20  - 
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Figure  3.     Steady  state  weight  vectors  for  L=8. 

A.  d=l,   h=l 

B.  d=l,   h=2 

C.  d=2,   h=S 

the  same  signal  component  of  x"k  minimizes  the 
contribution  to  mse  due  to  uncancelled  signals. 
Therefore,  the  optimal  convergence  of  the  optimal 
component  W*  together  with  the  convergence  of  the 
difference  component  V  "W^-W* ,  which  is  generated 
by  decreasing  correlations  of  Wfc  with  xk+£'(w'l'> 
explains  the  trapezoidal  envelope  of  the  non- 
optimal  steady  state  weight  vector  that  frequently 
has  been  observed  but  not  understood. 
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A  =  CIC0SIS0(C  ls0)2  +  Z./SNR  +  1/SNR2  (3b) 

where  SNR  is  defined  as  1/a^.  For  large  L  and  central  u)0,  i.e., 
2n/L  <u>0<ir-  2lt/L, 

W*^KC0,  <4a) 

with 

K=  (Z./2  +  1/SNR)"1.  (4b) 

Because  of  noise  at  the  input,  the  weight  vector  has  a  time- 
varying,  L  dimensional  error  vector  V  k  associated  with  it, 


vk  -  wk  -  w*. 


(5) 


An   approximation   to   the  covariance   of   Vk  for  an  adaptive 
LMS  processor  is  [3] 


Cov  {Vk} 


(6) 


Uncertainties  in  Adaptive  Maximum  Entropy  Frequency 
Estimators 

R.JEFFREY  KEELER 


Abstract-Fot  a  real  sinusoid  in  white  noise,  the  weight  vector  noise 
associated  with  an  adaptive  maximum  entropy  (AME)  frequency  es- 
timator causes  the  spectrum  peak  to  shift  away  from  the  input  fre- 
quency. For  a  long  adaptive  filter,  approximate  expressions  for  this 
estimator's  peak  value  and  frequency  variance  are  derived.  For  low 
SNR,  the  probability  of  obtaining  a  spurious  peak  is  evaluated. 

I.  Adaptive  Maximum  Entropy  (AME)  Frequency 
Estimation 

One  step  adaptive  linear  prediction  filters  have  been  effec- 
tively used  to  estimate  the  input  frequency  of  sinusoids  in 
white  noise  [1],  [2].  Because  the  adaptive  weights  are  ran- 
dom variables,  the  resultant  adaptive  maximum  entropy 
(AME)  frequency  estimate  is  a  random  variable.  In  this  cor- 
respondence some  stochastic  properties  of  the  AME  estimator 
are  discussed. 

For  a  unit  power  real  sinusoid  of  constant  frequency  co0  in 
white  noise  of  variance  oyj,  i.e.,  xk  =y/l  cos  u>Qk  +  nk,  the 
autocorrelation  matrix  R  and  autocorrelation  vector  P  can  be 
expressed  as 


R  =  C0cl  +  s0sl  +  a\l 
P=C0 


(1) 

(2) 

where  C0  =  (•  •  • ,  cos  lu>0 ,  ■  •  •) T,  S0  =  (•  ■  ■  ,  sin  /co0 ,''  ')T, 
/=  1,  2,  •  •  •  ,  L.  Applying  the  matrix  inversion  lemma  we 
can  calculate  the  steady  state  weight  vector  W*, 

W*  =R-lP  =  A"1  [(Sls0  +  1/SNR)C0  -  (tfs0)S0 ]        (3a) 

with 
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where  /  is  the  identity  matrix, 
squared  prediction  error 

e-min  =  1  +  ol 


is  the  minimum  mean- 


(7) 


The   factor  of   2  difference  from  Widrow's  expression  arises 
because  the  adaptive  LMS  algorithm  used  in  this  paper  is 


Wk  +  i  =Wk+vekXk, 


with 


jU  =  0/1(1+02). 


(8a) 


(8b) 


Convergence  of  the  algorithm  is  guaranteed  if  0  <  a  <  2  [  1  ] . 

From  (6)  the  magnitudes  of  components  of  the  weight  vector 
noise  are  independent  and  identically  distributed.  If  the  input 
noise  is  Gaussian,  then  the  weight  vector  error  on  each  com- 
ponent is  zero  mean,  Gaussian  with  variance  ol.  When  (7)  and 
(9)  are  substituted  into  (6), 


21(1  +SNR)' 


(9) 


Griffiths    [  1  ]    has   defined   a   modified  maximum  entropy 
spectrum  estimate 


q(w)  =  u  -  r'(co)ivr2 


(10) 


where  r(u>)  =  (•••,  e~lun ,  •  •  •) J  and  the  k  dependence  is  sup- 
pressed on  Wk.  For  large  L  and  central  to  we  may  use  (4)  to 
verify  that  the  peak  value  of  the  spectrum  estimator  occurs  at 
co0  and  is 

\  2 


/SNR 
Q(u0)  =  [ ~ 


+  1 


(ID 


Note  that  large  values  of  this  frequency  estimator  can  be  ob- 
tained for  any  SNR  simply  by  making  the  filter  length  L  suf- 
ficiently large.  For  SNR's  greater  than  -20  dB,  filter  lengths 
of  at  least  L  =  16  yield  an  actual  Qmax  which  agrees  very 
closely  with  the  value  predicted  from  (11). 

II.  Estimator  Bias  and  Variance  at  High  SNR 

To  study  the  error  in  the  AME  frequency  estimate  due  to 
weight  vector  fluctuations,  i.e.,  "peak  shift,"  we  first  note  that 
only  the  behavior  of  Q(cj)  near  co0  is  of  interest.  The  weight 
error  vector  Vk  may  be  decomposed  into  two  components  in 
the  C0  and  S0  directions  and  a  component  Vp  k  that  is  or- 
thogonal to  both  C0  and  S0- 

Therefore,  the  total  weight  vector  is 
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Fig.  1.  Bias  in   maximum  entropy   frequency  estimator  versus  filter 
length  as  a  function  of  SNR.  /=  0.200. 


Wk  =  W+akC0+bkS0  +  VPik, 


(12) 


where  ak  and  bk  are  zero  mean,  random  variables.  Only  the 
first  three  terms  contribute  to  Q(oj)  at  frequencies  near  co0; 
therefore,  the  Vp  k  component  may  be  neglected. 

When  (12)  is  substituted  into  (10),  a  general  expression  for 
Q(u)  at  some  time  k  (dependence  suppressed)  is 


0(co) 


■( 


1  + 


(K  +  a)2  +  b2 


r2(co) 


(K  +a)  cos  (oj  -  cj0) 


L  +  1 


Y(oj)  = 


b  sin  (co  -  u>o) 


sin  (to  -  cj0)L/2 
sin  (u)  -  w0)/2 


L  +  1 


Y(u>)j 


(13a) 


(13b) 


For  b  =  0,  (13)  is  an  even  function  about  its  maximum  at  Wo- 
Therefore,  the  peak  of  Q(u>)  is  an  unbiased  frequency  estima- 
tor regardless  of  the  value  of  a.  If  L  is  not  large,  the  frequency 
estimate  is  biased.  The  bias  is  due  to  the  interaction  of  the 
positive  and  negative  components  of  the  real  signal.  Fig.  1 
shows  the  bias  at  a  normalized  frequency  /=  0.200  for  filter 
lengths  of  L  =  2  to  L  =  64  and  SNR's  from  -20  dB  to  +20  dB. 
The  frequency  estimator  is  essentially  unbiased  at  this  fre- 
quency for  L  >  8. 

For  |cj  -  a>0|  «  2jt/Z,  the  trigonometric  functions  in  (13) 
can  be  approximated  by  a  few  terms  of  the  Taylor  series. 
Setting  3£?(co)/3cj  =  0,  we  find  the  error  in  (?(u>)  to  be 


uPk  "  Wo  =_  2b/(K  +a)(L  +  1). 


(H) 

For  SNR  »  2/Z.  that  K  ^  2jL  and  for  a  sufficiently  small 
that  |a£/2|  «  1  (a  is  proportional  to  s/a,  from  (9)),  the  error 
is 


tOpk  -  cjq  —  -  b. 


(15) 


Under  these  conditions  the  variance  of  the  AME  frequency 
estimator  is  just  the  variance  of  b, 


E{(<*>pk-u0)2}=E{b2}^ 


2L(SNR+1) 


(16) 


HI.  Spectrum  Ambiguity  at  Low  SNR 

At  low  SNR's  for  which  Q(oj0)  <  10  the  problem  with  the 
AME  frequency  estimator  is  not  peak  shift  so  much  as  it  is 
choosing  a  false  peak  for  the  estimate  of  the  input  frequency. 
We  could  say  that  the  AME  spectrum  is  "ambiguous."  Let  the 
SNR  be  low  enough  (SNR  <  2/L)  so  that  Q(cj0)  is  not  sig- 
nificantly greater  than  false  spectral  peaks  which  are  caused  by 
random  fluctuation  of  the  Vp  components.  Then  the  sidelobes 
of  the  true  peak  at  cj0  can  be  considered  sufficiently  small 
that  the  contribution  to  false  peaks  away  from  u)0  is  due  en- 
tirely to  weight  vector  noise.  Each  component  of  Vp  is  zero 
mean  Gaussian  with  variance  o2,  =  a/2L. 

Let  p  represent  the  probability  that  the  false  peak  at  fre- 
quency «,-,  (?(to,),  is  above  some  threshold  Qth.  Then 


p  =  Pr{0(coI)>Gtn}. 


(17) 


It  is  possible  to  show  that  the  false  peaks  behave  independently 
and  that  G(co,)  is  caused  solely  by  vt,  the  component  of  Vp 
along  Q,  that  is,  vf  =  kJc,/|C,|.  We  know  \Ct\=\/Tl2  for 
large  L .  From  ( 1 0) 

0(w,)  =  (l-i>(\/J72r2.  (18) 

With  Ctn  =  Q  for  notational  simplicity, 

p  =  Pr  {(\-ViVrj2)-2>Q} 

=  Pr  {V27T(1-  Ms/Q)<Vi<y/2[L{\  +  l/Vfi)}.     (19) 

Because  u,  is  zero  mean  Gaussian  with  variance  a/ 21.,  this 
probability  can  be  approximated  by 


p~ 


s/Q    V2F 


,-2/fl" 


(20) 


for  values  of  Q  >  2.  Therefore,  1  -  p  is  the  probability  that 
this  particular  false  peak  is  below  threshold  and  ( 1  -p)  '2_1 
is  the  probability  that  all  L/2  -  1  false  peaks  are  below  the 
threshold.  Therefore,  1  -  (1  -  p)112'1  is  the  probability  that 
any  false  peak  is  above  threshold,  or  the  probability  of  an 
ambiguous  spectrum  arising, 

PA  »l-0  -P)L/2_1.  (2D 

Ifwelet(?th  be  a  fraction  of  G(u>o),  i.e.,  (2th  =r£?(to0)  then 


638 


CORRESPONDENCE  471 

/.  0.8  .^N^2- 


sfr 


(5^+i) 


(22) 


Notice  the  extreme  sensitivity  to  a  in  this  expression.  Decreas- 
ing a  by  a  factor  of  2  can  considerably  decrease  PA  at  the  pen- 
alty of  doubling  the  convergence  time.  As  an  example,  if  r  = 
0.24,  £=1000,  SNR  =  -30  dB,  a  =0.25,  then  PA  3  0.16. 
For  a  =  0.1 25, PA  =6X  10"s 
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Abstract 


A  complex  covariance  spectral  moment  estimator  for 
Doppler  processing  is  presented  as  a  means  of 
reducing  data  acquired  by  a  ground-based  optical 
radar  (lidar)  before  estimating  a  volumetric  wind 
field.  This  estimator  is  equated  to  the  first- 
order  complex  maximum  entropy  mean  frequency 
estimator.   It  is  also  shown  that  the  first-order 
estimator  is  the  only  order  for  which  the  complex 
maximum  entropy  frequency  estimator  is  unbiased. 

Introduction 

Presently,  accurate  aviation  terminal  area  weather 
monitoring  and  forecasting  is  hindered  by  the 
inability  to  remotely  observe  meteorological  data 
in  the  vicinity  of  the  aircraft  operations  area. 
For  example,  detecting  hazardous  wind  shear  con- 
ditions is  vitally  important  for  safely  landing 
large  aircraft,  however  no  data  collection  device 
that  can  remotely  sense  the  existing  wind  field  is 
currently  operational.   Preliminary  studies  have 
shown  that  a  ground-based  pulsed  coherent  CO.  lidar 
is  able  to  measure  these  wind  profiles  [1].  After 
a  brief  summary  of  the  proposed  lidar  wind  measure- 
ment system,  we  will  compare  the  recently  developed 
class  of  maximum  entropy  frequency  estimators  [2,3] 
to  the  complex  covariance  (pulse  pair)  frequency 
estimator  that  is  widely  used  in  meteorological 
radar  systems  [4,5].  We  show  the  equivalence  of 
the  first  order  complex  maximum  entropy  estimator 
and  the  complex  covariance  estimator  and  furthermore 
show  that  higher  order  maximum  entropy  estimators 
are  biased  in  general. 

Lidar  System  Description 

A  pulsed  C0_  coherent  lidar  system  for  measuring 
atmospheric  wind  velocities  was  developed  by  NASA 
during  1968-1970  [6].  This  system  achieves  range 
resolution  by  controlling  the  pulse  length,  and  it 
utilizes  a  laser  amplifier  to  generate  the  nec- 
essary power.  The  propagating  pulse  volume  can  be 
optically  focussed  at  the  desired  range  to  achieve 
an  enhanced  echo  from  aerosol  scattering  at  the 
point  of  interest.   Both  water  droplets  and  dust 
particles,  suspended  in  the  atmosphere  and  moving 
with  it,  scatter  the  incident  optical  radiation. 
Receiving  optics  collect  the  backscattered  and 


Doppler-shifted  radiation  and  direct  it  onto  an 
infrared  detector,  where  it  is  mixed  with  a  local 
oscillator  laser  or  a  small  portion  of  the  master 
oscillator.   The  detector  generates  an  electrical 
signal  at  a  frequency  equal  to  the  difference  of 
the  two  incident  optical  beams;   this  signal  can 
then  be  processed  by  standard  frequency  estimation 
techniques  to  estimate  the  Doppler  shift  (or 
equivalently,  the  radial  velocity  component)  at  the 
given  range  gate.   Figure  1  is  a  schematic  diagram 
for  a  typical  lidar  system  using  a  filter  bank  for 
the  Doppler  shift  estimator. 


wmrra  m,n 


Figure  1.     Lidar  System  Block  Diagram. 

The  radar  (or  lidar)  equation  may  be  used  to 
estimate  the  expected  signal-to-noise  ratio  (SNR) 
of  a  pulsed  coherent  lidar  system.   The  power 
density  SNR  is  defined  as  the  ratio  of  the  signal 
power  spectral  density  at  the  frequency  of  interest 
to  the  noise  power  spectral  density,  and  may  be 
approximated  by 

SNR  =  D  J m   C  T  ^e-2^R>dR 
32  hv      R2 

where  typical  system  parameters  for  a  ground- 
based  lidar  are 


(1) 
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n  =  total  system  efficiency 

J  =  transmitted  energy 

R  =  range 

8(R)  =  backscatter  cross  section  vs 

D  =  optics  diameter  = 

■2/u(R)dR      .  .  ...    , 

;  v  '  =  round  trip  extinction  loss 

hv   =  energy  of  single  photon    = 

C    =  velocity  of  light 
T    ■  pulse  length 


0.10 

5  joules 

range 
0.5  m 

1.9xlO"20 

joules 
3*10e  m/sec 
3  usee. 


This  SNR  equation  neglects  any  loss  due  to  atmos- 
pheric turbulence  and  assumes  that  the  telescope  is 
focussed  at  the  range  of  interest.   For  a  tropical 
atmosphere,  the  water  vapor  eoncentration  causes  a 
larger  extinction  loss  than  for  any  other  model 
atmosphere.  Using  these  u(R)  and  8(R)  profiles,  at 
some  zenith  angle,  gives  a  conservative  estimate  of 
the  SNR.  Figure  2  shows  for  three  different  zenith 
angles,  the  SNR  vs  range  for  a  CO  (A=10.6  urn) 
lidar  having  the  above  system  parameters.  Reason- 
ably high  SNR's  can  be  expected  for  ranges  up  to 
20  km. 


Figure  2.  SNR  va  range  of  ground-based  coherent 
lidar  for  3  zenith  angles  and  tropical  propa- 
gation conditions. 

Because  a  given  lidar  shot  will  provide  radial 
velocity  estimates  at  the  various  tropospheric 
range  gates  (heights  up  to  20  km),  a  scan  pattern 
should  provide  as  dense  a  3-dimensional  field  of 
these  velocity  estimates  as  is  practical.   Ideally, 
the  estimates  would  be  equally  spaced  in  the  tropo- 
sphere so  that  an  appropriate  2-  or  3-dimensional 
velocity  field  (2-D  if  we  ignore  vertical  veloci- 


ties) could  be  fitted  to  the  tropospheric  velocity 
estimates  in  some  least  squares  sense. 

Doppler  Extraction 

The  requirement  for  a  coherent  lidar  Doppler  pro- 
cessor might  be  satisfied  conceptually  by  one  of 
several  frequency  estimation  devices  or  algorithms. 
The  optical  data  might  be  processed  directly  by  an 
optical  spectrum  analyzer  such  as  a  Bragg  cell 
device.   Alternatively,  surface  acoustic  wave  (SAW) 
devices,  based  on  the  chirp  Z-transform  approach, 
could  be  utilized  by  frequency  conversion  to 
approximately  10-20  MHz.   However,  subsequent 
calculation  of  the  spectral  moments  would  be 
required  on  both  these  device-oriented  approaches. 
On  the  other  hand,   digital  signal  processing 
algorithms  include  the  FFT  and  maximum  entropy 
spectral  estimators  (both  deterministic  and  adap- 
tive), as  well  as  several  techniques  that  estimate 
the  spectral  moments  directly.   This,  of  course,  is 
the  only  information  required  of  a  wind  velocity 
estimation  system. 

The  best  known  and  most  widely  implemented  of  the 
direct  moment  estimation  algorithms  is  the  class  of 
complex  covariance  frequency  estimators  [4]  commonly 
called  "pulse  pair"  estimators  in  meteorological 
(microwave)  radar  literature.   The  complex  covariance 
technique  uses  the  argument  of  a  lagged  complex 
autocorrelation  estimate  to  evaluate  the  first 
moment  of  the  received  Doppler  spectrum.   Because 
coherent  microwave  radars  can  measure  only  the 
relative  phase  of  the  echo  from  a  specified  range 
gate,  many  pulses  are  required  to  yield  a  frequency 
estimate.   Since  the  complex  covariance  at  a  lag 
equal  to  the  pulse  spacing  may  be  calculated  using 
successive  pairs  of  pulses,  this  first  moment 
spectrum  estimator  has  been  called  the  pulse  pair 
estimator.   Since  only  the  complex  covariance  value 
is  necessary  to  make  the  frequency  estimate,  one 
may  calculate  this  correlation  from  a  single 
acoustic  radar  pulse  or  a  single  optical  radar 
(lidar)  pulse.   The  slower  propagation  speed  or 
shorter  wavelengths,  respectively,  allow  many  data 
values  from  a  single  pulse  to  be  used  in  calculating 
the  complex  covariance.   This  complex  covariance 
frequency  estimator  is  given  as 


1 


cc 


2TT  T 


Arg  [r(T)] 


(2) 


where  T   is  the  complex  covariance  lag  value.   For 
example,  a  unit  power  complex  sinusoid  centered  at 
frequency  u)o   in  white  noise  having  variance  o2 
has  a  complex  covariance  given  by 


r(T) 


fl*°n 
(e3«oT 


T  =  0 
T>  1 


Choosing  any  appropriate  lag  value  x,  with  xfQ, 
the  complex  covariance  frequency  estimate  is 


f   =  <d0/2tt 
cc 


(3) 


(4) 
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Thus  f   is  unbiased  by  a  white  noise  input.  The 
total  received  power  is  given  by  r(0)   and  the 
spectral  width  (second  moment)  is  a  function  of  the 
covariance  function  evaluated  at  both  0  and  T 
lags.   As  explained  in  [5]  this  second  moment 
estimator  is  biased  by  the  SNR. 

The  class  of  maximum  entropy  frequency  estimators 
is  well  documented  in  [2]  and  [3].  Results  of 
experiments  using  these  estimators  have  been 
acclaimed  superior  to  the  FFT-derived  spectrum 
estimates,  especially  with  respect  to  resolution  of 
sinusoids  and  sharpness  of  spectrum  peaks.  Recent 
results  show  that  although  maximum  entropy  techni- 
ques yield  biased  frequency  estimators,  these 
estimators  are  asymptotically  unbiased  with  in- 
creasing order  of  the  estimator  [7,8]. 

Following  [9],  let  us  define  the  maximum  entropy 
frequency  estimator  as  f  ,  corresponding  to  the 
peak  value  of  the  modified  maximum  entropy  spectrum 
estimate  Q((o) 

N 


) 


Q(u>)  =  |l-£  &z   e 


•j(Dfc, 


(5) 


£.=  1 


th 


where  a.  are  the  Nw"  order  linear  prediction 
filter  coefficients  that  correspond  to  the  maximum 
entropy  power  spectrum.  (See  Figure  3  for  a  basic 
linear  prediction  filter  that  can  be  used  to 
generate  a  maximum  entropy  power  spectrum.) 


maximum  entropy  spectrum  estimator  (i.e.,  only  a 
single  zero  filter  is  used  to  form  the  linear 
prediction  error  sequence),  the  peak  of  the  spectrum 
estimate  is  identical  to  the  angle  of  the  single 
zero  in  the  Z  plane.  The  complex  normal  equation 
for  N=l   is  then 


r(0)  a  -  r(l) 


(6) 


where  the  complex  variable  a  is  the  single  complex 
filter  coefficient.  That  is, 


r(l)/r(0) 


(7) 


Substituting  (7)  into  (5)  gives  the  maximum  entropy 
spectrum  estimator 


Q(oj)  =  |l  -  a  e 


■JU)| 


(8) 


which  is  the  inverse  squared  magnitude  of  the  Z- 
transform  of  the  single  zero  mmse  filter  with 
impulse  response  {l,-a}.   The  peak  of  this  "single 
pole  power  spectrum"  is  precisely  the  angle  to  the 
zero  of  the  {l,-a}  minimum  mse  filter.  The  complex 
first  order  maximum  entropy  frequency  estimate  is 
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fQ  =  2?  Arg  [3] 


2tt 


Arg  [a] 


x(k)  f  * 


ADAP 


/ai)     JP2J     (a?J     fit)  I 


/ 


■elk) 


Spectrum 
Estimator 
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Figure  3.     Basic  adaptive   linear  prediction 
spectrum  estimator.   (N=4). 


Several  methods  exist  for  obtaining  this  set  of 
filter  coefficients   |a,j.  ..  The  classical 

technique  (the  autocorrelation  method)  utilizes  a 
set  of  so-called  "normal  equations"  to  calculate 

{a.}„   from  a  set  of  estimated  covariance 

values  {r(£)}    .  These  filter  coefficients  also 

define  a  set  of  polynomial  coefficients  as  defined 
in  (5).  The  resulting  maximum  entropy  spectrum 
estimate  is  equivalently  defined  as  the  inverse 
squared  magnitude  of  the  Z-transform  of  the  impulse 
response  of  the  minimum  mean  squared  error  (mmse) 
filter  {l,-ai,  -a2,  .  .  .  -a  } ,   evaluated  on  the 
unit  circle.  Therefore,  for  a  complex  first  order 


=  turj/2TT 


(9) 


Thus   fn=f    f°r  any  SNR  and  any  w0 .   The  first 
order  complex  maximum  entropy  and  the  complex 
covariance  frequency  estimators  are  identical. 


It  is  easy  to  show  that  only  the  first  order  complex 
maximum  entropyftequency  estimator  is  unbiased  for 
all  SNR's.   For  a  noiseless  sinusoidal  input,  any 
order  linear  prediction  filter  gives  perfect 
prediction,  and,  consequently,  the  maximum-entropy 
spectrum  estimate  is  unbiased.   In  order  for  the 
complex  maximum-entropy  frequency  estimator  to  be 
unbiased  as  the  SNR  is  decreased,  the  "dominant" 
complex  zero  (the  one  closest  to  the  unit  circle 
that  generates  the  peak  of  Q(oj))  must  trace  out  at 
a  locus  that  is  a  radial  at  angle  too .  This  zero 
is  a  root  of  the  denominator  polynomial  P(z),  which 
is  evaluated  on  the  unit  circle  to  give  Q(w) . 
In  the  case  of  a  first  order  estimator,  it  is  the 
only  zero  of  the  denominator  polynomial. 

The  complex  maximum  entropy  spectrum  estimate  is 
derived  from  knowledge  of  the  optimum  (i.e.., 
minimum  mse)  complex  weight  vector.   This  weight 
vector  is  known  to  be  [8] 


A*  =  BI"  (wo) 


with 


1 

N+o2" 
n 


(10a) 


(10b) 
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and 


The  denominator  polynomial  P(z)  is 


(10c) 


-1      -2 

P(z)  =  1-aiz  -a2Z 


tt  (z-X  J 


'V 


-N 


n=l 


(11) 


where  the  X  are  the  N  roots  of  P(z).  In  order 

n 
that  these  roots  have  loci  of  radials  in  the  Z 
plane  as  the  SNR  is  changed,  the  roots  must  change 
only  in  magnitude,  i.e., 


N  N 

P  (Z)  =  Z     TT   (Z-O.A  ) 

a  n=l     n 

where  0  <_  a<_   1  is  an  SNR  dependent  constant. 
Rewritten,  this  becomes 

Pa(z)  ■  (z/o)'N  7T(z/a-An) 
=  P(z/a) 


(12) 


"2 


=  [1-a  (z/a)  ,-ai(z/o)  f.-.a^z/ct)  "] 


-,x    -2    N    -N 
=  1  -a  aiz  -or*  a2Z  ...-a  aN  z 


(13) 


Thus,  if  the  roots  of  P(z)  lie  on  radial  loci  as 
the  SNR,  or  a,  is  varied,  then  the  n    coefficient 
of  P(z)  varies  as  the  n    power  of  a.  Sub- 
stituting the  coefficients  given  by  (10)  into  (11), 
we  find  P(z)  for  the  general  complex  case  to  be 


P(z)=l-3  eJWo  z"1 


-6  e  J2uV»-. 


.0  e  jNa)VN 


'  (14) 


which  is  not  the  same  form  given  in  (13)  except  for 
the  N=l  case.  Thus,  only   the  first  order  complex 


maximum  entropy  frequency  estimator,  i.e.,  f( 
corresponding  to  the  peak  of 


Qi* 


Qi(u)  -  1  - 


l+ai 


-j(U)o-O)) 


is  unbiased  at  all  SNR's  (all  values  of  o2) 
That  is,  n 


f  =    W0/2lT    =    f0 

for  all  SNR's. 


(15) 


(16) 


Conclusions 

We  have  described  a  lidar  wind  estimation  system 
and  identified  the  requirement  for  a  Doppler 
processor.  The  desirability  of  directly  extracting 
the  first  three  moments  of  the  received  power 
spectra  for  each  range  gate  (without  having  to 
calculate  the  spectrum  itself)  makes  the  complex- 
covariance  frequency  estimator  appear  extremely 
attractive.  We  have  shown  the  equivalence  of  this 
complex  covariance  estimator  with  the  first-order 
complex  maximum-entropy  frequency  estimator,  there- 
by removing  any  "mysticism"  associated  with  one 
estimator  by  those  familiar  with  the  other.  Having 


compared  the  maximum-entropy  and  complex-covariance 
estimators,  we  may  easily  describe  an  adaptive 
complex-covariance  frequency  estimator  as  the  first 
order  complex  adaptive  linear-prediction  (or 
adaptive  maximum-entropy)  frequency  estimators 
described  in  [9]  and  [10].   In  many  cases,  a  higher 
order  maximum-entropy  estimator  is  required  (e.g., 
when  multiple  sinusoids  are  expected) ,  and  the 
complex-covariance  approach  may  be  discarded 
immediately.  Higher  order  maximum-entropy  frequency 
estimators  are  biased,  but  we  have  indicated  that 
they  are  asymptotically  unbiased  as  the  order  is 
increased.   References  [7]  and  [8]  extend  this 
maximum-entropy  order  selection  specification  in 
more  detail. 

References 

1.  Staff  of  Wave  Propagation  Lab,  "Ground-based 
and  Airborne  CO.  Pulsed  Coherent  Lidar  for 
Remote  Wind  Measurement",  NOAA  Tech.  Report, 
in  preparation,  1977. 

2.  Burg,  J.  P.,  "Maximum  Entropy  Spectral  Analysis", 
Ph.D  Thesis,  Stanford  Univ.,  Stanford,  Calif., 
May  1975. 

3.  Ulrych,  T.  J.  and  T.  N.  Bishop,  "Maximum 
Entropy  Spectral  Analysis  and  Autoregressive 
Decomposition",  Rev.   Geophya.   and  Space  Phys. 
vol.  13,  no.  1,  1974,  p. 183-200. 

4.  Sirmans,  D.  and  B.  Bumgarner,  "Numerical 
Comparison  of  5  Mean  Frequency  Estimators", 

J.   Appl.   Meteorol.,   vol.  1_4,  1975,  p. 991-1003. 

5.  Miller,  K.  S.  and  M.  M.  Rochwager,  "A  Covariance 
Approach  to  Spectral  Moment  Estimation",  IEEE 
Trans,   on  Info.   Th. ,  vol.  IT-18,  1972,  p. 588- 
596. 

6.  Huffaker,  R.  M. ,  "Laser  Doppler  Detection  Systems 
for  Gas  Velocity  Measurement",  App..   Opt., 

vol.  9,  1970,  p. 1026. 

7.  Zielder,  J.  R.,  E.  H.  Sartorius,  D.  M.  Chabries, 
and  H.  T.  Wexler,  "Adaptive  Enhancement  of 
Multiple  Sinusoids  in  Uncorrelated  Noise", 
accepted  for  publication  in  IEEE  Trans,   on 
Aoou3t.j  Speech,  and  Sig.   Proa.,    1977. 

8.  Keeler,  R.  J.,  "Adaptive  Frequency  Estimation 
using  Linear  Prediction  Filtering",  Ph.D 
Thesis,  Univ.  of  Colorado,  Boulder,  Colo.,  1978. 

9.  Griffiths,  L.  J.,  "Rapid  Measurement  of  Digital 
Instantaneous  Frequency",  IEEE  Trans,   on 
Acoust.   Speech,   and  Sig.   Proc. ,  vol.  ASSP-23, 
April  1975,  p. 2  07-222. 

10.  Keeler,  R.  J.  and  L.  J.  Griffiths,  "Acoustic 
Doppler  Extraction  by  Adaptive  Linear  Prediction 
Filtering",  J.   Acoust.    Soc.   Am.,   vol.  61_,  May 
1977,  p. 1218-1227. 


368 

643 


NOAA  Technical  Memorandum  ERL  WPL-35,  1978 
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MULTIPLE  DOPPLER  RADAR  ANALYSIS  SYSTEM 
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MUDRAS,  Multiple  Doppler  Radar  Analysis  System  is  a  software  package 
consisting  of  four  data  formats  and  nine  computer  programs  which  provide 
analysts  a  flexible  tool  for  processing  and  interpreting  meteorological 
data.  The  data  formats  are  called  MUDRAS  time  series,  MUDRAS  pulse  pair, 
MUDRAS  archive,  and  MUDRAS  cartesian  tapes;  these  are  described  under 
Tape  Organization.  These  programs  are  implemented  on  the  CDC  6600  at  NOAA 
(National  Oceanic  and  Atmospheric  Administration)  and  the  CDC  7600  at  NCAR 
(National  Center  for  Atmospheric  Research)  and  are  written  principally  in 
FORTRAN. 

Included  in  this  package  are  a  tape  library  system  and  a  set  of  pro- 
cedures for  initiating  and  monitoring  production  runs.  This  package  has 
been  utilized  for  processing  data  obtained  from  numerous  experiments , in- 
cluding NHRE  (National  Hail  Research  Experiment,  1973-1976),  METROMEX 
(Metropolitan  Meteorological  Experiment,  1975),  SPACE  (South  Park  Area  Cumu- 
lus Experiment,  1977). 
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TEMPERATURE  RETRIEVAL  FROM  DUAL-DOPPLER  RADAR  WIND  FIELD  DATA 
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Boulder,  Colorado  80302 


1 .        INTRODUCTION 

Wind  field  data  obtained  from  Doppler 
radars  have  proved  invaluable  to  mesoscale 
meteorology.  These  radar  methods  give  detailed 
three-dimensional  descriptions  about  the  dyna- 
mics and  kinematics  of  atmospheric  wind  fields. 
Sometimes  the  effects  of  other  meteorological 
variables  such  as  density,  pressure,  and  tem- 
perature are  clearly  visible  in  the  data.   For 
example,  dry  convection  over  St.  Louis  has  been 
studied  in  this  way  (Kropfli  and  Kohn,  1977). 
It  is  therefore  a  natural  step  to  try  to  deduce 
the  effects  of  density,  pressure  and  temperature 
in  a  more  direct  fashion.   This  requires  a  model 
together  with  a  sizeable  amount  of  computation. 


where 


The  momentum  equations  are 


du     3p 


dt 


dv 
dt 

dw 

dt 


3x 

9y 

3p_ 

3z 


-Pg 


d    3     9     8     8 
dt   9t     9x     3y     3z 


(2.1) 
(2.2) 
(2.3) 

(2.4) 


The  quantity  on  which  we  will  focus 
attention  is  buoyancy.   It  has  the  advantage  of 
being  relatively  straightforward  to  obtain  and 
seems  to  provide  the  key  to  getting  density, 
pressure,  and  temperature. 

In  order  to  make  the  theory  applicable 
to  dual-Doppler  radar  data,  it  is  important  that 
the  model  used  to  compute  buoyancy  be  compatible 
with  the  dual-Doppler  data  acquisition  methods. 
This  amounts  to  a  suitable  use  of  the  continuity 
equation  (Lhermitte,  1970;  Miller  and  Strauch, 
1974;  Ray  et  al.,  1975;  Doviak  et  al.,  1976). 

The  most  serious  obstacles  in  obtain- 
ing buoyancy  appear  to  be  numerical.   This  is 
because  a  large  number  of  numerical  derivatives 
and  products  together  with  a  division  are  needed 
to  compute  this  quantity.   These  operations  are 
all  sensitive  to  noise  in  the  data. 


denotes  the  material  derivative  and  where  p,  p 
and  v  =  (u,v,w)  denote  the  density,  pressure,  and 
velocity.  The  continuity  equation  is 


p  d- 


(2.5) 


The  pressure  in  (2.1)  and  (2.2)  can  be  removed 
by  cross  differentiation  with  (2.3)  in  a  manner 
similar  to  that  of  obtaining  the  vorticity  equa- 
tion.  These  equations  together  with  the  anelas- 
tic  form  of  the  continuity  equation  result  in 
the  following  system 


H  R 


H  R 


z   3z 


R  = 

z 


3G 
3z 


3H 
3x 

3H 
3y 


(2.6) 


(2.7) 


In  order  to  cope  with  these  difficulties 
new  editing  and  filtering  methods  have  been 
developed.   Because  these  methods  are  somewhat 
complicated  they  will  not  be  discussed  at  length 
here.   However,  we  will  illustrate  how  they 
work  and  how  they  make  the  computation  of  buoyancy 
a  viable  procedure. 

Finally  all  numerical  methods  are 
checked  against  a  synthetic  data  model  of  analy- 
tic functions.   This  model  is  not  intended  to 
be  physically  interesting.   Rather,  it  provides 
a  data  set  for  which  the  derivatives  and  con- 
sequently the  buoyancy  can  be  computed  exactly. 

2.        GENERAL  THEORY 

The  model  that  we  use  for  this  feasi- 
bility study  is  of  the  simplest  kind.   It  is 
that  of  a  non-turbulent,  dry,  convective  atmos- 
phere.  It  is  worth  emphasizing,  however,  that 
the  methods  given  below  are  adaptable  to  more 
complicated  models. 


where 


u  R  +  v  R 


w  R  = 

z 


„   du   „  _  dv   „   dw 

F  =  dt  '  G  =  dT  •  H  =  dT 


R  =  log(p) 


(2.8) 


and  subscripts  denote  partial  derivatives.  These 
equations  are  easily  recognized  as  a  system  of 
three  equations  in  the  three  unknowns  R  ,  R  ,  and 


We  define  buoyancy  as 


B  =  g 


3p  _ 


3z 


=  g  R 


(2.9) 


and  we  see  that  B  is  computable  from  the  above 
system.  Moreover,  because  Doppler  radars  provide 
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the  velocity  data,  all  other  quantities  in  this 
system  can  be  computed  from  data.   In  other 
words,  this  system  provides  a  way  of  computing 
the  buoyancy  from  three-dimensional  wind  field 
data. 

Buoyancy,  in  itself,  may  or  may  not 
be  interesting  insofar  as  it  is  used  to  interpret 
data  or  gain  insight  into  the  physics.  The  im- 
portance of  this  quantity  lies  in  the  observa- 
tion that  if  density  is  known  only  at  the  ground 
then  the  buoyancy  field  may  be  integrated  to 
obtain  the  density  wherever  velocity  data  are 
available.   If,  in  addition,  pressure  is  known 
at  the  ground  then  the  third  momentum  equation 
(2.3)  may  be  integrated  to  obtain  pressure. 
Finally  given  density,  pressure,  and  an  equation 
of  state,  temperature  may  be  deduced.  It  is  in 
this  sense  that  we  say  that  buoyancy  is  the  key 
to  density,  pressure,  and  temperature. 


3. 


DUAL-DOPPLER  METHODOLOGY 


It  should  be  noted  that  the  above 
theory  was  presented  in  rectangular  coordinates 
whereas  dual-Doppler  data  acquisition  is  often 
done  in  cylindrical  coordinates.  However,  for 
theoretical  purposes  any  coordinate  system  will 
do  and  rectangular  coordinates  are  desirable 
for  purposes  of  exposition.   With  this  in 
mind,  dual-Doppler  data  acquisition  can  be 
described  as  measuring  two  velocity  components 
u  and  v.   The  third  component  w  is  computed 
from  the  continuity  equation.   This  is  done  by 
modeling  a  background  density  as 


Po(z)  =  ce 


KZ 


(3.1) 


for  suitable  constants  c  and  k.  The  important 
features  of  this  approximation  are  that  the 
atmosphere  is  allowed  to  be  compressible  and 
that  the  density  must  be  horizontally  homogen- 
eous. 

With  this  assumption  the  continuity 
equation  (2.5)  becomes 


3w 
3z 


3z 


3u 
3x 


3v 
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(3.2) 


P(x,y,z)  =  pQ(z)  +  p'(x,y,z). 


(4.1) 


Substituting  (4.1)  into  (2.6) -(2.8)  results  in 
the  following  system: 
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+  GR 
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x     y     z 

1   3po 
where  R0=pF 
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(4.2) 
(4.3) 
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1   3p' 


Rl     = 

z       p  3z 


This  is  a  system  of  three  equations  in  the  three 
unknowns  R',  R1,  and  R'.  The  perturbation 

buoyancy  B'  is  then  computed  as 


B    g  p  3z 


gR; 


(4.5) 


This  is  a  curious  quantity.   For  example,  at 
the  null  point  of  a  horizontal  convergence  zone 
where  u  and  v  vanish,  the  perturbed  continuity 
equation  (4.4)  states  that  B'  must  be  zero. 
Also  the  third  component  w  will  usually  be  a 
maximum  at  such  a  convergence  point.  This  means 
that  buoyancy,  as  defined,  cannot  line  up  with 
updrafts  or  downdrafts.  This  is  purely  a  con- 
sequence of  continuity  and  has  nothing  to  do 
with  the  formulation  of  the  momentum  equations. 

To  compute  B',  first  multiply  (4.2), 
(4.3),  and  (4.4)  by  u,  v  and  H  respectively. 
Subtracting  the  first  two  equations  from  the 
third  gives 


-  N/D 


(4.6) 


where 


which  is  a  first  order  differential  equation 
for  the  third  velocity  component  w.  This  equa- 
tion is  easily  integrated  starting  with  a  known 
boundary  condition  at  the  ground. 

The  point  of  all  this  is  that  data 
sets  obtained  from  dual-Doppler  processing  are 
somewhat  model  dependent  and  reflect  the  assump- 
tions of  the  model.   Consequently,  any  attempt 
to  extract  other  kinds  of  information  from  such 
data  sets  must  be  done  in  a  compatible  manner. 

4.        THE  PERTURBATION  BUOYANCY 

We  here  implement  a  perturbation 
method  of  the  most  elementary  kind.  First,  con- 
sider the  density  p  used  to  compute  the  third 
velocity  component  w  as  a  background  quantity 
to  which  is  added  a  smaller  incompressible 
quantity  p'  which  depends  on  x,y,  and  z.  Thus 


,3F   3H,  A   ,3G   3H,  _,  ,  _  A  _.D 
N  =  U(3I  "  3X0  +  V(3l  "  W)        (UF   VG)Ro 


D  =  (wH  +  uF  +  vG)/g  . 


It  is  interesting  to  note  that  the  only  visible 
dependence  of  B1  on  the  background  density  is 
in  the  numerator  N.   It  should,  however,  be 
remembered  that  there  is  also  an  invisible  con- 
tribution in  w  via  dual-Doppler  processing. 


5. 


THE  SYNTHETIC  DATA  MODEL 


The  first  step  in  the  computation  of 
B'  from  data  is  the  calculation  of  F,  G  and  H. 
Each  of  the  quantities  requires  three  numerical 
derivatives  and  three  multiplications  of  data 
dependent  quantities.  Therefore,  the  computation 
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of  B'  requires  13  numerical  derivatives  and  16 
multiplications  of  data  dependent  quantities. 
With  real  data  this  is  a  serious  undertaking. 
A  check  of  the  numerical  methods  used  and  the 
quality  of  the  resulting  answers  is  therefore 
very  important.   If  such  a  check  were  done  by 
comparison  with  a  numerical  model,  all  one  would 
succeed  in  doing  is  comparing  one  set  of  numer- 
ical methods  against  another. 

In  order  to  circumvent  this  kind  of 
circular  reasoning,  we  use  a  model  of  analytic 
functions  for  which  all  derivatives  can  be  com- 
puted exactly.  While  such  a  model  need  not  be 
physically  interesting,  it  is  desirable  that 
it  at  least  be  plausible  insofar  as  scale  sizes 
and  magnitudes  are  concerned. 

To  begin,  stability  theoretic  standing 
waves  have  the  general  form 


u(x,y,z)  =  u  (z)  +  f(z)  sin(kx)  cos(£y)  (5.1) 


v(x,y,z)  = 


w(x,y, z) 


g(z)  cos(kx)  sin(£y)  (5.2) 


h(z)  cos(kx)  cos (£y) .(5.3) 


If  we  assume  that  density  depends  only 
on  height  then  the  continuity  equation  becomes 


kf(z)  +  £g(z)  +  ^1  =  .  h(z)Ro  (5.4) 

1   8po 
where     R  =  —  ~ —  . 
o   p  3z 
o 

The  game  is  then  to  model  R  and 
choose  u  ,  f,  g,  and  h  so  as  to  satisfy  (5.4) 
and  the  boundary  conditions 


uQ(o)  =  f(o)  =  g(o)  =  h(o)  =  0 


f(co)  =  g(oo)  =  h(oo)  =  o. 


(5.5) 
(5.6) 


This  is  most  easily  done  by  first 
choosing  u  ,  f,  and  h  and  then  computing  g  from 
(5.4).   It  should  be  noted  that  the  continuity 
equation  (5.4)  is  the  important  feature  of  the 
simulation.  The  boundary  conditions  are  only 
niceties. 

For  purposes  of  completeness  we  finally 
list  the  functions  and  parameters  used 


u  =  0  (no  shear) 


f(z)  =  c.  sin(yz)e 


-a(z-z  ) 
o 


and 


k  =  I   =  19.635  km"1,   gR  =   .001  sec"2 
&  o 


a  =  1  km"1,  g  =  1.5  km"1,  y  =  3  km"1 


z  =  1  km, 
o 


c2  =  .0085 


6. 


SIMULATION  RESULTS 


h(z)  =  c2z  sin($z)e 


-a(z-z  ) 


The  quantity  that  seems  to  govern 
the  quality  of  digitally  computed  answers  is 
the  number  of  sample  points  per  cycle  of  the  data. 
The  number  of  points  per  cycle  is  a  measure  of 
resolution.   For  example,  numerical  derivatives 
degrade  in  accuracy  as  the  number  of  points  per 
cycle  is  decreased.   It  is  well  known  that  at 
high  frequencies  derivatives  are  powerful  ampli- 
fiers of  noise. 

Computing  products  of  data  dependent 
quantities  presents  its  own  set  of  problems. 
The  product  of  two  periodic  functions  results  in 
sum  and  difference  frequencies.   If  we  require 
that  no  computed  quantity  should  exceed  half  the 
folding  frequency  or  4  points/cycle,  then  fre- 
quencies higher  than  16  points/cycle  in  the 
velocity  data  should  not  be  used.   For  real 
data,  this  requires  filtering  out  higher  fre- 
quencies. 

The  most  threatening  problem  is  the 
division  by  D  in  (4.6)  needed  to  compute  the 
perturbation  buoyancy  B'.   This  is  because  D  is 
approximately  equal  to  the  vertical  velocity  w 
which  can  vanish.   Unless  the  numerator  N  also 
vanishes,  B'  will  be  infinite.   Simulations 
indicate  that  both  the  numerator  and  denominator 
do  indeed  vanish  at  the  same  time.  The  reason 
for  this  is  not  known.  However,  with  the 
introduction  of  noise,  B'  will  often  have 
unreasonably  large  values.  We  have  found  that 
it  is  possible  to  simply  edit  such  points  out 
and  replace  them  with  interpolated  values. 

With  this  background  we  now  turn  to 
a  specific  simulation.   For  this  study  10  hori- 
zontal planes,  each  containing  a  grid  of  30  x  30 
points,  was  used.  The  horizontal  scales  were  set 
at  30  points/cycle  with  about  16  points/cycle 
in  the  vertical.  The  first  plane  was  positioned 
75  m  above  the  ground  with  successive  planes 
spaced  150  m  apart.   The  grid  points  in  the 
horizontal  planes  are  spaced  about  100  m  apart. 
All  figures  shown  are  for  the  third  plane  above 
the  ground.   The  axes  are  scaled  in  km. 

Figure  1  is  a  horizontal  vector  plot 
of  the  u  and  v  components  of  the  wind  field.   The 
parameters  were  chosen  so  that  u  and  v  are  al- 
most balanced  in  this  plane  with  peak  values  of 
about  3  m/sec.  The  center  of  this  vector  plot 
is  a  strong  convergence  region.   Figure  2  shows 
contours  of  the  vertical  velocity  w.  The  numbers 
on  the  contours  represent  units  above  or  below 
the  mean.   Thus,  in  this  plane  w  also  peaks  at 
about  3  m/sec.   Furthermore  w  increases  in 
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amplitude  with  height  until  at  the  7th  plane 
it  reaches  about  10  m/sec.  Figure  3  shows  the 
effect  of  adding  random  noise  to  w  as  follows: 


w  +  6.  *  (RANF  -.5)  ,  0  <  RANF  <  1 


Figure  4  shows  the  result  of  applying  a  new 
three-dimensional  low  pass  filter  to  the  noisy 
vertical  velocities.  This  filter  yields  quality 
smoothing  right  up  to  the  edge  of  the  data  set. 
Using  conventional  methods  only  the  middle  square 
would  be  left.  This  filter  is  the  essential 
ingredient  in  making  the  buoyancy  computation 
work.  Figure  5  shows  the  exact  buoyancy  B' 
computed  with  exact  derivatives.   It  should  be 
noted  that  there  is  at  least  a  doubling  of 
frequencies  over  the  input  velocity  fields. 
Figure  6  shows  how  the  computation  is  degraded 
with  the  use  of  5-point  numerical  derivatives. 
Figure  7  shows  the  result  of  attempting  the 
computation  of  B'  from  the  noisy  velocity  field 
without  the  benefit  of  noise  reduction  methods. 
Finally,  Figure  8  shows  how  the  filtering  and 
editing  methods  retrieve  the  desired  signal. 
Although  the  contours  are  a  bit  deranged,  the 
peaks  and  valleys  are  for  the  most  part  posi- 
tioned correctly.  Finally  the  magnitudes  are 
fairly  good  and  are  about  an  order  of  magnitude 
smaller  than  the  background  quantities. 

It  is  our  judgment  that  if  these 
numerical  methods  can  hold  up  to  this  kind  of 
punishment,  then  they  are  indeed  suitable  for 
use  on  data.  More  importantly,  these  are  general 
purpose  methods  which  can  be  used  on  a  variety 
of  problems. 
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Figure  2.      Contours  of  the  simulated  vertical 
velocity  field.     The  numbers  represent  units 
above  or  below  the  mean.      The  physical  units 
are  m/sec. 
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Figure  1.     The  simulated  horizontal  vector  field 
for  the  third  plane   (375  m)  above  the  ground. 
The  x  and  y  axes  are  scaled  in  km. 


Figure  3.      The  simulated  vertical  velocity  field 
plus  random  (white)  noise. 
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Figure  4.      The  velocity  field  resulting  after 
the  noisy  velocity  field  of  Figure   3  is 
lowpass  filtered. 


Figure  6.      The  buoyancy  computed  using  5-point 
numerical  derivatives. 
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Figure  5.  The  exact  buoyancy  computed  using 
exact  derivatives.  The  physical  units  are 
sec     . 


Figure   7.     An  attempt  to  compute  buoyancy  from 
the  noisy  velocity  field  of  Figure   3. 
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Figure  8.      The  buoyancy  computed  from  the  noisy 
velocity  field  using  5-point  derivatives  and 
noise  reduction  methods. 
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THE  DETERMINATION  OF  CONVECTIVE  SHOWER  POPULATIONS  FROM  RADAR  DATA 
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Coral  Gables,  Florida  33124 


INTRODUCTION 


In  the  last  few  years  evidence  has  been 
presented  that  indicates  that  convective  echo  pop- 
ulations follow  a  lognormal  probability  law  in 
their  size,  height  and  duration  distributions. 
L6pez  (1976)  showed  this  to  be  the  case  for  tropi- 
cal systems  in  the  Western  Atlantic.   Simultan- 
eously and  independently,  Biondini  (1976)  found  a 
similar  distribution  for  south  Florida  showers. 
Recently  L6pez  (1977a)  presented  size  and  duration 
distributions  for  convective  echoes  in  many  dif- 
ferent parts  of  the  world  which  also  follow  a  log- 
normal  law.   Clear  air  convective  plumes  follow 
the  same  law  as  well  as  the  incipient  fair  weather 
cumuli  that  form  in  association  with  them  (Lopez, 
1977b).  As  soon  as  the  GATE  radar  data  was  avail- 
able, Houze  and  Cheng  (1977)  took  an  overall  view 
at  the  convective  echo  populations  present  at 
midday  during  the  3  phases  of  the  experiment. 
They  also  obtained  lognormal  distributions.   At 
the  same  time  Nasim  (1977)  analyzed  all  of  the 
echoes  of  one  GATE  disturbance  appearing  on  the 
Oceanographer' s   radarscope  during  the  lifetime  of 
the  system  (11,000  echoes)  and  he  also  found  log- 
normal  distributions  for  maximum  echo  area  and 
duration. 

Most  of  the  work  on  echo  populations 
mentioned  was  done  from  microfilm  records  and  by 
tracking  echoes  during  their  entire  lifetimes.   A 
maximum  height,  area  or  diameter  were  assigned  to 
characterize  the  echo,  and  frequency  distributions 
were  constructed.   This  method  can  be  called  the 
lifetime  approach,  since  it  seeks  to  characterize 
the  echoes  according  to  their  lifetime  properties. 
On  the  other  hand,  some  investigators  spurred  by 
the  availability  and  quality  of  the  GATE  digital 
radar  data,  have  derived  echo  populations  by 
analyzing  the  echoes  present  on  the  radar  scope  at 
specific  times:   the  instantaneous  approach. 

Obviously,  this  last  method  does  not  pro- 
vide an  accurate  characterization  of  the  echo  pop- 
ulation, since  echoes  might  be  observed  in  their 
growing  or  dying  stages  and  thus  might  be  assigned 
to  smaller  area  or  height  classes  than  they  actually 
belong  to.   In  addition,  the  instantaneous  approach 
underestimates  the  contribution  of  the  small,  short- 
lived echoes  to  the  total  population  present  during 
a  period  of  time.   On  the  other  hand,  the  instan- 
taneous approach  is  much  faster  and  yields  itself 
more  easily  to  computerized  techniques.   However, 
a  correction  must  be  applied  if  it  is  to  be  used 
to  characterize  accurately  a  convective  system  as 
to  the  relative  number  of  echoes  of  a  given  type 
that  would  exist  in  it  during  a  given  period  of 
time.   Accordingly,  the  objective  of  this  paper  is 
to  explore  the  problems  and  the  data  needs  involved 


in  such  a  correction  and  to  lay  the  mathematical 
foundation  for  such  a  scheme. 

2.        ECHO  GROWTH  CHARACTERISTICS 

Generally  the  echo  population  from  con- 
vective systems  can  be  divided  into  a  variety  of 
area  classes;  the  echoes  in  each  class  attaining  a 
different  maximum  area.   During  its  life  cycle 
each  echo  grows  to  its  maximum  size  and  then  dis- 
sipates until  it  disappears.   At  a  particular  sam- 
pling time  an  echo  can  be  detected  theoretically  at 
any  point  during  its  growth  and  decay  process.   The 
probability  of  detecting  an  echo  belonging  to  maxi- 
mum-area class  s  at  a  time  during  its  lifetime 
when  it  has  an  area  a  (a<s)  is  clearly  dependent 
on  the  frequency  of  occurrence  of  echoes  in  that 
size  class  and  the  details  of  the  growth  curve  of 
an  echo  of  that  class.   On  the  other  hand,  an  echo 
belonging  to  a  different  maximum-area  class  can  be 
observed  in  the  same  sample  at  a  point  in  its 
different  life  cycle  when  it  has  the  same  area  as 
the  previous  echo.   Again,  the  probability  of  this 
event  is  dependent  on  the  frequency  of  occurrence 
of  echoes  in  the  new  class  and  the  corresponding 
growth  curve.   The  sum  of  these  probabilities  over 
all  classes  gives  the  probable  frequency  of  occur- 
rence of  echoes  of  an  area  a  in  the  instantaneous- 
view  sample.   From  these  relationships  it  seems 
theoretically  possible  to  obtain  the  lifetime-view 
frequency  distribution  from  the  instantaneous-view 
distribution,  provided  that  the  growth  curves  for 
each  of  the  maximum-area  classes  are  known. 

In  order  to  explore  the  growth  character- 
istics of  radar  echoes,  10,000  echoes  of  a  distur- 
bance observed  in  GATE  from  7-9  August  1974  were 
tracked  during  their  entire  life  cycles.   In  Figure 
1,  the  mean  and  standard  deviation  of  the  duration 
for  each  maximum-area  class  is  indicated.   No  clear 
area  vs.  lifetime  relationship  emerges.   The  varia- 
tion of  lifetime  within  each  area  class  is  certainly 
very  large.   This  means  that  an  echo  attaining  a 
certain  maximum  size  can  have  several  modes  of 
growth. 

The  reason  for  this  lies  in  the  fact  that 
all  echoes  having  maximum  areas  above  80  km2  are 
composed  of  several  cells  (Lopez,  1978).   A  cell 
can  be  defined  as  an  area  having  a  maximum  in  radar 
reflectivity  within  a  larger  echo  that  maintains 
its  identity  for  a  period  of  around  15  minutes. 
The  cells  comprising  such  a  composite  echo  go 
through  their  individual  life  cycles  of  growth  and 
decay  with  various  degrees  of  time  overlap,  some 
dissipating  while  new  ones  appear  in  close  connec- 
tion to  the  remaining  cells.   In  the  mean  the  com- 
posite echoes  consist  of  5  cells,  although  the  mean 
maximum  number  of  cells  is  8.   Typically,  during 
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Figure  1.   Average  echo  duration  as  a  function  of 
maximum  echo  area.   Vertical  bars  indi- 
cate the  standard  deviation  for  each 
mean  value.   Data  obtained  by  the  NOAA 
ship  Oceanographer   during  GATE  for  the 
period  7-9  August  1974. 

the  lifetime  of  the  echo  around  15  cells  appear, 
grow,  and  dissipate  in  close  proximity  one  to  the 
other.   Although  there  is  some  variation  in  cell 
size  and  duration,  in  general  the  particular  area 
and  duration  of  a  composite  echo  depend  respec- 
tively on  the  average  number  of  cells  present  and 
on  the  total  number  appearing  during  its  lifetime. 
This  is  the  reason  for  the  variety  of  echo  forma- 
tion and  growth  modes.   For  example,  an  echo  can 
exist  which  in  the  average  is  made  up  of  3  cells 
in  close  connection  to  each  other.   During  the 
lifetime  of  the  echo  a  total  of  12  cells  might  go 
through  their  individual  life  cycles.   A  similar 
sized  echo  (containing  3  cells  in  the  average) 
may  go  through  only  6  cells  during  a  much  shorter 
lifetime.   As  a  result,  there  are  no  unique  area- 
duration  relationships.   Echoes  having  the  same 
average  or  maximum  area  can  have  widely  different 
lifetimes  and  vice  versa. 

Figure  2  illustrates  these  echo  growth 
characteristics.  There  the  data  of  Figure  1  has 
been  stratified  by  maximum  area  and  lifetime  class 
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Oceanographer's  Radar 

(10,043  Echoes) 


and  a  bivariate  frequency  distribution  computed. 
A  bivariate  lognormal  distribution  results.   Thus, 
not  only  are  the  maximum-area  classes  lognormally 
distributed,  but  within  each  area  class  the  echoes 
are  lognormally  distributed  by  duration  also.  As 
an  example,  an  echo  can  attain  a  maximum  area  of 
50  km2  while  its  duration  can  be  5,  10,  60,  100 
minutes,  etc.  depending  on  the  growth  and  formation 
mode.  The  majority  of  the  echoes,  however,  would 
tend  to  have  small  durations.  With  reference  to 
the  genesis  law  of  the  lognormal  distribution  this 
figure  indicates  that  the  composite  echoes  grow  by 
a  process  which  is  dependent  both  on  the  size  of 
the  echo  and  on  random  factors. 

At  this  stage  it  can  be  seen  that  in 
order  to  obtain  lifetime-view  from  instantaneous- 
view  frequency  distributions,  the  growth  curve  for 
each  maximum  area  and  echo  duration  class  combina- 
tion must  be  specified.   This  task  is  not  completely 
hopeless  since  the  cellularity  of  the  echoes  makes 
the  echo  formation  and  growth  processes  amenable  to 
simple  physical  modeling. 

3.        MATHEMATICAL  FOUNDATION  FOR  THE  SAMPLING 
PROBLEM 

The  mathematical  treatment  presented  in 
this  section  is  similar  in  its  approach  to  the 
statistical  interpretation  of  plume  and  cloud  mea- 
surements developed  by  Vul'fson  (1964).   In  his 
situation  he  wanted  to  derive  diameter  distributions 
from  plume  and  cloud  transect  measurements  obtained 
from  an  aircraft.   In  the  present  case  we  want  to 
derive  echo  maximum  area  distributions  from  instan- 
taneous measurements  of  echo  area.   In  his  method 
Vul'fson  assumed  a  cylindrival  or  spherical  shape 
for  the  convective  elements,  while  in  the  present 
case  information  about  growth  curves  must  be  ob- 
tained or  assumed. 

The  basic  approach  used  in  this  section 
is  to  express  the  instantaneous  sampling  process  in 
terms  of  the  probability  distribution  function  of 
observing  an  echo  which  at  some  time  during  its 
lifetime  obtains  a  certain  maximum  area  (the  life- 
time view  distribution),  and  the  probability  of 
observing  that  echo  at  a  time  during  its  life  cycle 
when  it  has  a  given  area  (related  to  the  growth 
curve  of  the  echo).   The  resulting  expression  is  a 
set  of  integral  equations  which  could  be  solved  by 
inversion  techniques  to  yield  the  lifetime-view 
frequency  distribution. 

Let  F(s,t)  be  the  distribution  function 
of  the  probability  of  an  echo  attaining  a  maximum 
area  s  and  lasting  a  time  period  t  within  an  area 
A  (radar  scope)  and  in  a  large  time  interval 
T(T>>t).   This  is  the  lifetime  view  distribution 
being  sought.   This  function  has  the  following 
property: 


/„/„  F(s,T)dsdx  =  1 


(1) 


Figure  2.  Combined  frequency  distribution  of  echo 
duration  and  maximum  area.  Data  source 
as  in  Figure  1. 


Furthermore  define  N  as  the  total  number  of  echoes 
per  unit  area  and  unit  time  defined  likewise  over 
A  and  T. 

The  number  of  echoes  detected  at  a  parti- 
cular time  t  and  over  area  A  that  attain  at  some 
time  during  their  lives  a  maximum  area  within  s  and 
s+ds  can  be  now  expressed  as 
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/0t(s)[N  F(s,T)ds]dT 


(2) 


where  t(s)  are  the  lifetimes  of  echoes  attaining 
a  maximum  area  s.   The  factor  t(s)  has  the  effect 
of  including  those  echoes  which,  although  not 
attaining  maximum  area  at  t,  are  nevertheless 
detected  at  this  time.   The  integration  over  life- 
time includes  echoes  having  different  durations 
but  belonging  to  the  same  area  class.   The  total 
number  of  echoes  detected  at  time  t  and  over  area 
A  would  in  turn  be 


plete  the  procedure.   It  is  expected  that  more 
research  into  the  growth  modes  of  cumulus  clouds 
and  their  radar  echoes  will  provide  the  necessary 
information.   As  it  was  mentioned  before,  the  log- 
normality  of  both  area  and  duration  distributions 
and  the  cellularity  of  echoes  greater  than  80  km2 
in  area  promise  some  interesting  avenues  of  inves- 
tigation.  Before  more  information  is  acquired  on 
growth  curves  it  is  not  advisable  to  look  further 
into  inversion  techniques  that  could  retrieve 
F(s,t)  in  terms  of  W(a) . 


/./.t(s)N  F(s,T)dsdx  =  NT 


(3) 


ADDITIONAL  SAMPLING  PROBLEMS 


where  f  is  the  average  lifetime. 

On  the  other  hand,  the  number  of  echoes 
attaining  at  some  time  a  maximum  area  within  s 
and  s+ds  and  detected  at  time  t  (2)  can  also  be 
expressed  as 


/0Nfu(s,T)dsdT 


(4) 


where  u(s,t)  is  the  distribution  function  of  the 
probability  of  an  echo  present  at  time  t  and  at- 
taining a  maximum  area  s  during  its  lifetime  t. 
From  (2)  and  (4)  the  relationship  between  the 
distribution  of  maximum  echo  areas  occurring  dur- 
ing the  time  interval  T  and  the  distribution  of 
maximum  echo  areas  present  at  time  t  can  be 
obtained: 

T/oU(s,T)dT  =  /ot(s)F(s,T)dT  .        (5) 

Now,  at  time  t  the  echoes  do  not  neces- 
sarily show  their  maximum  area  s  but  most  prob- 
ably an  area  a  less  than  s.   The  probability 
W(a)da  of  detecting  an  echo  with  an  area  between 
a  and  a+da  (the  observed  instantaneous  frequency 
distribution)  is  equal  to  the  product  of  the 
probability  u(s,i)ds  of  detecting  an  echo  at  time 
t  which  has  a  lifetime  between  t  and  T+dT  and 
attains  a  maximum  area  between  s  and  s+ds  during 
its  lifetime,  and  the  sum  of  the  conditional 
probabilities  v(x.jj  s,T)dx-L  of  detecting  that  echo 
at  times  during  its  lifetime  between  xi  and  Xj+dxj[ 
when  it  had  an  area  between  a  and  a+da,  summed 
over  all  possible  values  of  maximum  area  s  and 
lifetime  t: 

n 
W(a)da  =  /0dT/0u(s,x)ds .g^vCx^l s,i)dxi  .(6) 

Since  there  is  an  equal  probability  of  detecting 
an  echo  at  any  time  x-^  during  its  lifetime  t(s), 


vCxjJs.t)  =  1/t(s) 


(7) 


The  number  of  times  n  that  the  echo  of  maximum 
area  s  and  lifetime  t  has  an  area  a  will  be  depen- 
dent on  the  shape  of  its  growth  curve. 


Substituting  (7)  and  (5)  into  (6)  one 


obtains 


W(a)da  =  -VT.CF(s,T)dsdT.L   dx± 


(8) 


This  is  the  basic  equation  relating  the  instantan- 
eous-view, W(a)da,  to  the  lifetime-view,  F(s,x)dsdT, 
frequency  distributions.   The  term  involving  the 
sum  represents  the  time  interval  during  the  life- 
time t  of  an  echo  when  the  echo  (belonging  to 
maximum-area  class  s)  has  an  area  a.   This  is  a 
function  of  the  growth  curve  of  the  echo  and  is 
the  crucial  item  of  information  necessary  to  com- 


As  was  mentioned  before  most  frequency 
distributions  of  echo  area,  duration  and  height 
have  been  found  to  be  lognormal  over  a  wide  variety 
of  convective  situations.   Occasionally,  however 
echo  frequency  distributions  depart  from  normality 
in  the  range  of  the  largest  or  longest  2%  of  echoes. 
Lopez  (1977b)  has  indicated  that  this  might  be  a 
reflection  of  a  natural  limit  to  cloud  growth. 
The  lognormal,  as  well  as  any  other  long  tailed 
frequency  distribution,  calls  for  echoes  of  ever 
increasing  height,  area,  or  duration,  while  the 
atmosphere  limits  the  areal,  vertical  and  temporal 
extent  of  clouds  and  their  echoes. 


As  an  illustration  cons 
etical  lognormal  distribution  of 
probability  plot  of  this  curve  is 
in  Figure  4.  If  the  original  dis 
ever,  is  truncated  at  points  A  or 
log  probability  plots  in  Figure  4 
parture  toward  higher  frequencies 
size  or  duration  classes.  On  the 
sampling  process  which  is  biased 
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echoes  would  produce  a  frequency  distribution 
which  departs  towards  lower  frequencies  for  the 
smallest  size  or  duration  classes.  As  an  example, 
consider  the  theoretical  distribution  of  Figure  3 
truncated  at  x=l  and  at  x=2,  i.e.,  smaller  values 
of  x  ignored.   The  resulting  frequency  distribu- 
tions are  shown  in  Figure  5  plotted  in  log  proba- 
bility coordinates.  This  type  of  biasing  against 
small  echoes  would  be  expected  in  the  case  of 
radars  suffering  from  moderate  to  severe  attenua- 
tion in  the  presence  of  heavy  intervening  rainfall, 
and  of  radars  with  a  large  beam  width.   Figure  6 
shows  an  example  for  GATE  that  shows  both  the  upper 
and  lower  end  truncation  effects.   The  measurements 
were  made  from  digital  radar  data  obtained  from  the 
NOAA  ship  Oceanographer   at  3-hourly  intervals  for 
the  period  9-14  August  and  1-6  September  1974. 


5. 


SUMMARY 


Some  of  the  problems  encountered  in 
deriving  echo  population  distributions  have  been 
discussed.   In  order  to  characterize  accurately 
the  populations,  echoes  should  be  tracked  through- 
out their  entire  life  cycles  and  their  maximum 
development  characteristics  noted.   This  procedure 
is  time  consuming  and  some  attempts  have  been  made 
to  obtain  instantaneous  (no  tracking)  echo  stat- 
istics. The  conversion  of  one  type  of  distribu- 
tion to  the  other  has  been  discussed  in  this  paper, 
and  the  mathermatical  groundwork  for  a  conversion 
scheme  was  developed.   The  major  problem  at  this 
time  is  the  need  for  information  on  the  growth 
processes  of  clouds  and  their  resulting  echoes. 
Apart  from  the  smallest  sizes,  echoes  seem  to  grow 
by  units  or  cells  which  appear  and  dissipate  close 
to  each  other.   The  size  and  duration  of  an  echo 
depend  on  the  number  of  cells  present  simultan- 
eously and  the  total  number  of  cells  growing  and 
dying  during  the  echo  lifetime. 
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ABSTRACT:  Modern  meteorological  Doppler  radar  has  applications  related  to 
measurements  of  precipitation  intensities  and  kinematics  in  convective  storms,  wide- 
spread stratiform  precipitating  systems,  winter  frontal  and  cyclonic  storm  systems, 
and  other  cloud  systems.  In  addition,  air  velocities  may  be  measured  in  the  optically 
clear  atmosphere  from  backscatter  due  to  refractive  index  perturbations  or  from 
dispersed  chaff  tracers. 

In  order  to  derive  the  maximum  scientific  benefit  from  Doppler  radar  it  is  necessary 
to  process  vast  quantities  of  data  in  real  time  at  rates  in  excess  of  1  MHz.  Fortunately, 
current  integrated  circuit  technology  permits  such  processing.  However,  this  ability 
to  process  data  rapidly  also  produces  data  rapidly  and  results  in  large  data  sets 
which  must  be  stored  and  processed  further  for  outputs  of  maximum  meteorological 
significance  to  be  derived.  Even  when  data  compression  ratios  of  100:1  are  achieved 
in  real  time,  modern  meteorological  Doppler  radar  can  produce  9-track,  732-m 
(2400-ft)  tapes  at  the  rate  of  two  per  hour. 

This  paper  describes  the  chain  of  processing  from  real-time  processing  and  acqui- 
sition, to  displaying  processed  single  and  multiple  Doppler  radar  data.  The  paper 
also  describes  briefly  the  meteorological  significance  of  the  work. 

KEY  WORDS:  radar,  radar  meteorology,  Doppler  radar,  FM-CW  radar,  multiple 
Doppler  radars,  coherent  signal  processing,  ozone 

Meteorological  radar  has  proved  to  be  among  the  most  powerful  tools 
available  for  observing  remotely  many  atmospheric  phenomena.  The 
National  Weather  Service  uses  an  extensive  national  network  of  weather 
radars  for  storm  detection,  tracking,  and  warning  in  its  forecasting  services 
to  the  public.  Aircraft  of  all  types  are  equipped  with  storm- avoidance 
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Colo.  80302.  The  National  Center  for  Atmospheric  Research  is  sponsored  by  the  National 
Science  Foundation. 

2  Research  electronic  engineer,  National  Oceanic  and  Atmospheric  Administration/Environ- 
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radars,  and  atmospheric  researchers  rely  heavily  on  radar  for  studies  of 
convective  storms,  winter  frontal  and  cyclonic  storms,  hurricanes,  and 
other  cloud  systems.  Sensitive  radars  can  sometimes  obtain  useful  measure- 
ments from  the  optically  clear  air  when  the  refractive  index  variability, 
because  of  temperature  and  humidity  gradients,  is  sufficiently  great.  Alter- 
natively, reflecting  chaff  may  be  dispersed  to  increase  the  radar  cross 
section  in  clear  air. 

The  advent  of  low-cost,  high-speed  digital  integrated  circuits  has  resulted 
in  substantial  advances  in  the  field  of  radar  meteorology.  Special-purpose 
real-time  digital  processors  and  new  processing  algorithms  have  greatly 
improved  quantitative  measurements  of  radar  observables.  However,  while 
offering  the  promise  of  unprecedented  data  quality,  as  well  as  high  spatial 
and  temporal  resolution,  these  new  processing  methods  have  presented 
meteorologists  with  the  formidable  problems  of  storing  and  analyzing  vast 
quantities  of  data. 

Using  a  typical  beam  width  of  1  deg  and  a  pulse  width  of  1  /us  (150  m), 
and  assuming  a  maximum  range  of  150  km,  the  total  number  of  resolution 
cells  in  a  typical  plan-position  indicator  (PPI)  scan  is  360  000.  Modern 
meteorological  radar  will  assign  as  many  as  three  variables  to  each  of  these 
cells.  Consequently,  there  are  of  the  order  of  10b  8-bit  words  per  scan 
which  must  be  stored.  A  typical  scan  rate  for  research  applications  is 
10  deg/s  so  that  a  PPI  is  completed  in  36  s.  It  follows  that  the  rate  at 
which  data  are  acquired  is  about  30  000  words  per  second,  which  will  fill 
a  732-m  (2400-ft)  reel  of  9-track,  1600-characters  per  inch  tape  in  about 
20  min. 

Because  of  the  great  value  of  such  observations  in  contributing  to  the 
understanding  of  the  atmosphere  in  case  studies,  for  the  process  of  initial- 
izing numerical  models,  and  for  the  comparison  of  conceptual  models, 
many  research  groups  throughout  the  world  have  undertaken  the  challenge 
of  processing  radar  meteorological  data.  In  this  paper  we  will  review  some 
of  the  fundamentals  of  radar  meteorology  related  to  signal  processing, 
discuss  methods  for  processing  signals  in  real  time  and  after  the  fact,  and 
present  some  examples  of  results  obtained  with  single  and  multiple  arrays 
of  Doppler  radars. 

Signal  Characteristics 

Before  proceeding  with  a  discussion  of  real-time  processing  methods, 
it  will  be  useful  to  describe  the  nature  of  the  radar  signals  received  from 
meteorological  targets.  In  doing  so  we  will  treat  the  general  situation,  in 
which  both  the  amplitude  and  the  phase  of  received  signals  are  measured. 
As  we  shall  see,  it  is  the  time  rate  of  change  of  phase  which  is  related  to 
the  Doppler  velocity.  Thus  Doppler  radars  are  often  referred  to  as  coherent 
or  phase-coherent  radars.  Incoherent  radars  measure  only  the  intensity  of 
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the  received  signals  and  thus  may  be  viewed  as  restricted  versions  of  the 
more  general  Doppler  radar. 

Distributed  Targets 

The  problem  facing  the  radar  meteorologist  is  that  of  determining  the 
important  parameters  of  the  backscattered  energy  from  the  targets  that  are 
distributed  within  the  volume  sampled  by  the  radar.  This  sample  volume, 
approximately  cylindrical  in  shape,  is  defined  by  the  antenna  beam  widths 
in  elevation  and  azimuth  and  by  the  pulse  width;  typically  these  are  of  the 
order  of  1  deg  and  1  /us.  The  corresponding  spatial  resolution  orthogonal 
to  the  beam  axis  is  given  by  rd  where  6  is  the  beam  width  and  r  is  the 
target  range.  Along  the  beam  axis  the  resolution  is  ct0/2  where  c  is  the 
velocity  of  light  and  r0  is  the  pulse  width. 

Meteorological  targets  (ice  crystals,  snow  flakes,  raindrops,  or  hailstones) 
will  generally  fill  the  sample  volume.  This  volume  is  interrogated  by  a 
transmitted  signal  at  frequency  co0 ,  of  the  form 

s(t)  =  A  cos  u0t 

Each  of  the  hydrometeors  in  the  sample  volume  scatters  back  a  signal  of 
the  form 

sit)  =  a,  cos  (io0t  —  </>,) 

where  a,  is  the  amplitude  and  4>,  the  phase.  In  general  (/>,  is  given  by 

4irr, 


where  r,  is  the  range  to  the  ith  hydrometeor  and  X0  is  the  wavelength. 
The  composite  signal,  sr,  from  all  targets  within  the  sample  volume  is  thus 
given  by  a  summation  over  the  sample  volume 

sr(t)  =  E  a,  cos  (w0t  —  </>,) 

It  is  convenient  to  represent  the  signal  in  its  analytic  form 

xr(t)  =  e'^'  E  a.e"'0' 
v 

Ignoring  the  carrier  frequency  term,  the  complex  modulation  can  be 
graphically  illustrated  in  the  complex  plane.  The  terms  contributing  to  jcr 
will  have  varying  amplitudes,  a,,  dependent  upon  their  sizes  and  varying 
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phases,  </>,,  because  of  their  positions.  Furthermore,  because  the  dimen- 
sions of  the  sample  volume  are  much  greater  than  X0,  we  can  expect  all 
values  of  <A,  to  be  on  the  interval  (0,2ir).  Figure  1  illustrates  a  number  of 
vectors  with  random  amplitudes  and  phases  adding  up  to  the  resultant 
vector  with  amplitude  Ar  and  phase  0r.  This  situation  may  be  viewed  as  a 
two-dimensional  random-walk  problem.  Since  the  number  of  component 
vectors  is  very  large,  the  central  limit  theorem  may  be  applied  to  establish 
that  the  statistics  of  0r  will  be  uniform  on  the  interval  (0,2ir)  and  Ar  will 
be  governed  by  the  Rayleigh  probability  density  function.  It  follows  that 
the  functions  Ar  cos  </>,.  or  Ar  sin  4>r  exhibit  first-order  Gaussian  statistics 
[I].3  The  product  Are'4'r  is  referred  to  as  the  complex  envelope  of  the  signal. 

The  Doppler  Spectrum 

If  the  particles  within  the  sampled  volume  were  stationary  in  relation  to 
the  radar,  there  would  be  no  fluctuation  of  the  complex  envelope.  However, 
these  particles  are  in  motion  in  relation  to  the  radar  and  in  relation  to  one 
another.  Factors  contributing  to  their  motion  include  the  mean  wind, 
small-scale  turbulence,4  wind  shear,  and  the  varying  fall  speeds  of  the 
particles.  The  Doppler  frequency  shift  caused  by  each  particle  is  simply  the 
time  derivative  of  the  instantaneous  phase,  that  is,  w, ;  the  instantaneous 
Doppler  frequency  of  the  signal  received  from  the  z'th  scatter  is 

•    _  -47rr,  _  /  2v, 

w,  =  -~q>,  —  — r —     —  2ir 


Xo 

where  v,  is  the  projection  of  the  particle's  vector  velocity  along  the  beam 
axis  (the  radial  velocity  component). 

Because  the  number  of  contributing  particles  within  the  sample  volume 
is  quite  large  (on  the  order  of  10b  or  greater),  the  distribution  of  velocities 
within  the  volume  is  essentially  continuous  and  is  dictated  by  the  param- 
eters mentioned  earlier.  Thus  the  received  signal  is  not  monochromatic 
but  exhibits  a  distribution  of  received  power  with  frequency,  namely,  a 
unique  power  spectral  density  determined  by  the  kinematics  of  the  processes 
within  the  sample  volume. 

The  received  signal,  xr,  is 

xr(t)  -  Ar(t)e'M) 

xr(t)  is  a  complex  random  function  of  time  which  can  only  be  described 

3  The  italic  numbers  in  brackets  refer  to  the  list  of  references  appended  to  this  paper. 

4 Small-scale  turbulence  refers  to  turbulence  with  scales  on  the  order  of  the  dimensions 
of  the  sample  volume  and  smaller.  A  detailed  discussion  of  pulse  volume  filtering  is  given 
by  Srivastava  and  Atlas  [2]. 
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IMAGINARY 
AXIS 


FIG.  1 — Received  signal  representation  in  the  complex  plane.  See  text  for  explanation. 


FIG.  2 — The  Doppler  spectrum.  See  text  for  explanation. 
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statistically.  Its  important  parameters  are  the  average  intensity,  the  power 
spectral  density  and  its  moments,  and  the  autocorrelation  function,  all  of 
which  are  related. 

The  average  signal  intensity  is  given  by 


"r  I  Xr     I  A-r 

where  the  overbar  represents  a  time  average.  If  the  process  is  statistically 
stationary  during  the  measurement  interval,  then  the  time  averages  can  be 
replaced  by  statistical  averages,  and,  indeed,  analyses  of  the  characteristics 
of  radar  meteorological  signals  usually  assume  that  they  are  stationary. 
The  complex  autocorrelation  function,  R(t),  is  given  by 


R(t)  =  xr(t)x*(t  +  t) 

where  *  denotes  the  complex  conjugate.  The  power  spectral  density  is 
simply  the  Fourier  transform  of  the  autocorrelation  function  and  is  given  by 

,•  +  00 

S(f)  =  R(T)e'2^dT 

It  can  readily  be  shown  that 

i'  +  oo 


Pr=         S(f)df=R(0) 


Moments  of  the  Doppler  Spectrum 

It  should  be  clear  that  if  either  S{f)  or  R{t)  is  known,  all  of  the  relevant 
signal  parameters  can  be  determined.  The  mean  frequency  and  variance 
of  the  spectrum  are  defined  by 


/- 


o?  = 


\fS{f)df 
\S(f)df 

(f-fys(f)df 

S(f)df 


Figure  2  is  a  diagram  of  the  Doppler  spectrum  and  its  first  and  second 
moments.  The  mean  frequency  is  interpreted  as  the  average  velocity  of  the 
particles  along  the  beam,  and  oy,  the  spread  of  the  spectrum,  is  a  measure 
of  the  spread  of  the  velocities  of  the  particles  observed.  Clearly,  these 
expressions  show  that  the  normalized  version  of  S(f)  is  interpreted  as  a 
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probability  density  function  for  the  distribution  of  frequencies  (or  veloci- 
ties) within  the  sample  volume. 


Interpretation  of  Radar  Data 

Before  proceeding  further  with  a  discussion  of  how  these  parameters 
are  obtained  from  the  raw  radar  data,  we  must  comment  briefly  on  their 
significance. 

It  can  be  shown  [3]  that  the  energy  scattered  back  from  spherical 
hydrometeors  is  proportional  to  the  sixth  power  of  the  particle  diameter, 
provided  that  the  radar  wavelength,  X0,  is  larger  than  about  ten  particle 
diameters.  In  this  case  the  received  power  is  proportional  to  Z,  the  re- 
flectivity factor,  which  is  defined  as 

V  v 

dBZ  =  10  log„,Z 

where  Z  conventionally  has  units  of  mmVnv1 .  Operational  weather  radars 
routinely  convert  Z  values  to  rain  rates  for  hydrological  studies  and  for 
flood  forecasting. 

In  the  preceding  discussion,  we  have  described  the  Doppler  spectrum 
and  its  moments  in  terms  of  the  Doppler  frequency  shift.  However,  since 
the  target  velocity,  v,  and  the  Doppler  frequency,  /,  are  related  by  the 
linear  expression 

1  X0 


it  is  a  simple  matter  to  convert  from  one  to  the  other.  Doppler  radars 
measure  only  that  component  of  panicle  velocity  which  is  along  the  radar 
beam,  that  is,  the  projection  of  the  three-dimensional  particle  velocity 
onto  the  radar  beam  vector.  Lhermitte  and  Atlas  [4]  first  showed  how  a 
single  Doppler  radar  could  be  used  to  measure  the  mean  winds  aloft  in 
stratiform  precipitation.  Later  work,  as  illustrated  well  by  Browning  and 
Wexler  [5],  has  demonstrated  how  single  Doppler  radars  may  be  used  to 
measure  convergence  and  deformation  of  the  wind  field  as  well.  In  the 
vertically  pointing  mode,  Doppler  radars  have  been  used  successfully  to 
measure  the  particle  size  distribution  [6,7].  With  the  development  of 
improved  Doppler  processing  and  display  techniques,  Donaldson  [8] 
illustrated  the  potential  for  locating  the  tornado-spawning  mesocyclonic 
rotations  in  severe  storms. 
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Finally,  among  the  most  exciting  Doppler  radar  applications  has 
been  the  extension  of  the  technique  to  include  multiple  Doppler  arrays 
for  measurements  of  three-dimensional  air  motion.  Lhermitte  [9]  and 
Lhermitte  and  Miller  [10]  pioneered  this  work,  showing  how  two  Doppler 
radars  may  be  used  to  obtain  the  vector  motion  fields.  In  1975,  the  first 
triple  Doppler  radar  experiment  took  place,  thus  promising  the  least 
ambiguous  measurements  of  air  motion  in  thunderstorms  made  up  to  that 
time  [11]. 

Real-Time  Processing,  Recording,  and  Display 

Phase  Detection 

Coherent  phase  detection  enables  us  to  obtain  two  orthogonal  signals 
which  are  identical  to  the  real  and  imaginary  parts  of  the  complex  modu- 
lation. This  is  done  by  demodulating  the  received  signal  in  two  phase 
detectors  whose  references  are  separated  by  tt/2  rad.  The  phase  detector 
outputs  are  referred  to  as  the  in-phase  and  quadrature  (real  and  imaginary) 
components,  which  yield  the  received  signal, 

xr(t)  =  Ar(t)  [cos  4>r(t)  +j  sin  <j>r{t)] 

=  Ar(t)e>M) 

Thus,  the  complex  modulation  discussed  earlier  is  not  just  a  convenient 
method  for  analysis  but  an  exact  representation  of  the  signals  with  which 
we  deal.  As  a  practical  matter,  the  complex  representation  is  necessary  if 
we  are  to  differentiate  between  positive  and  negative  Doppler  velocities. 

Sampling  and  the  Demultiplexing  Problem 

With  the  conventional  pulsed  Doppler  radar,  the  transmitted  signal  is 
in  the  form  of  a  train  of  coherent  pulses,  each  with  a  duration  on  the 
order  of  1  (is,  that  are  repeated  at  a  pulse  repetition  frequency  (PRF)  on 
the  order  of  1000/s.  For  each  microsecond  within  the  millisecond  PRF 
interval,  T0,  we  may  receive  information  from  an  independent  region  in 
space.  If  we  wish  to  obtain  information  about  each  of  these  sample 
volumes  they  must  be  treated  independently.  This  requires  that  the  re- 
ceived signal  samples  be  demultiplexed.  Consider  the  diagram  shown  in 
Fig.  3.  At  time  zero,  a  pulse  is  transmitted,  and  immediately  we  begin 
to  receive  a  signal,  which  is  sampled  once  every  microsecond.  The  first 
sample  is  x0o,  the  next  x0\,  and  so  forth  until  we  have  received  energy 
from  the  farthest   unambiguous  range,   M/us  removed  from  the  radar. 
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FIG.  3 — Acquisition  of  multiplexed  signal  samples.  See  text  for  explanation. 


At  this  point  a  second  pulse  is  transmitted,  and  so  forth.  Thus  the  data 
matrix  is  filled  by  filling  rows  in  sequence  from  the  zeroth  row  down 
through  the  Nth  row.  However,  if  we  want  to  determine  the  characteristics 
of  targets  at  a  given  range,  say  in  the  nth  range  gate,  we  must  process 
the  signals  in  the  nth  column:  that  is,  the  signals  are  collected  by  rows 
but  must  be  processed  by  columns.  If  we  simply  choose  to  store  the  entire 
matrix  in  a  digital  memory,  then  N  X  M  complex  storage  locations  must 
be  provided.  This  quantity  may  be  as  large  as  106  memory  locations,  since 
averaging  times  on  the  order  of  0.5  to  1  s  are  desired  in  many  applications. 
A  second  important  consideration  is  that  of  sampling.  Clearly,  with  the 
pulsed  radar  we  do  not  receive  a  continuous  signal,  x(t),  from  a  given 
range  but,  instead,  receive  samples,  xk„ ,  pf  the  complex  signal  separated 
by  the  PRF  interval.  The  Nyquist  frequency  is  then  PRF/2,  and,  because 
we  have  both  the  real  and  imaginary  parts  of  the  received  signal,  the 
unambiguous  Doppler  frequency  range  of  the  radar  is  found  to  be  on  the 
interval  —  PRF/2  <  fd  <  +  PRF/2  where  fd  is  the  Doppler  frequency. 

Real-Time  Signal  Intensity  Estimation 

The  signal  intensity,  P„,  is  proportional  to  the  target  reflectivity  factor, 
Z,  which  in  turn  is  related  to  the  number  and  sizes  of  precipitation  par- 
ticles within  the  sample  volume.  Sirmans  and  Doviak  [12]  provide  a  com- 
prehensive treatment  of  the  subject,  discussing  and  comparing  a  number 
of  algorithms  for  estimating  P„ .  We  will  confine  ourselves  to  simple  block 
averaging  of  the  intensity  variables;  that  is,  we  form  the  sum 
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<     N-l 

Pn  =  -  E  |**„|2 

N    k=Q 

where  the  circumflex  represents  an  estimate  of  P„.  It  is  important  to  note 
that  for  any  finite  number  of  samples,  N,  or,  equivalently  in  an  integration 
time,  T  =  N/PRF  —  NT0,  it  will  not  be  possible  to  determine  P„  exactly, 
but  by  extending  T  we  can  reduce  the  variance  of  P„.  It  is  well  known 
that  the  average  value  and  variance  of  P„  are  given  by 


E(P„)  =  P„ 
var  (P„)  =  £[(/>,,  ~Pn)Y  = 


P, 


2 


a„T 


where  E  (  )  is  the  expected  value  and  var  (  )  is  the  variance.  The  variance 
of  one  of  the  |jc*„  |2  is  P,,2;  thus  we  note  that  the  variance  of  the  sample 
mean,  P„,  is  reduced  inversely  by  the  number  of  degrees  of  freedom, 
o„T,  of  the  signal  being  observed. 

Because  the  estimate,  P„ ,  is  simply  the  sum  of  N  quantities,  the  total 
sequence,  xkn(0  <  k  <  N  —  1),  needs  to  be  stored  only  as  a  series  of 
partial  sums.  We  may,  if  the  digital  arithmetic  is  fast  enough,  simply  add 
each  of  the  \xk„  |2  in  an  accumulator  and  provide  an  accumulator  for  each 
range  gate.  The  storage  requirement  has  thus  been  reduced  from  N  X  M 
to  simply  M,  and,  since  TV  may  be  on  the  order  of  103,  savings  on  that 
order  are  realized  in  size,  cost,  and  complexity  of  equipment.  The  common 
method  for  performing  the  arithmetic  is  shown  in  Fig.  4.  The  signal 
intensity,  \x,+l(t)\2,  from  the  i  +  1th  pulse  is  applied  to  an  analog-to- 
digital  (A/D)  converter.  A  synchronous  clock  triggered  from  the  i  +  1th 
transmitted  pulse  generates  a  pulse  for  each  range  gate,  n,  and  the  con- 
verter then  generates  the  digital  word  proportional  to  |x,+i,„|2,  that  is, 
the  i  +  1th  sample  from  the  «th  range  gate.  The  partial  sums  are  stored 
in  a  recirculating  shift  register  which  is  M  locations  long.  The  shift 
register  is  clocked  synchronously  and  makes  one  complete  recirculation 
during  each  interpulse  period,  T0.  The  previous  partial  sum  and  the 
current  sample  are  added  and  stored  until  all  N  samples  have  been  accu- 
mulated. The  estimates  may  then  be  displayed  and  stored  on  digital 
tape.  The  A/D  converter  must  operate  at  the  rate  l/MT0,  which  is  of  the 
order  of  106/s,  but  the  rate  will  increase  as  the  radar  resolution  increases. 
Similarly,  the  adder  and  shift  register  must  be  capable  of  operation  at 
these  speeds.  We  feel  that  it  is  now  possible  to  process  the  intensity  data 
at  rates  of  5  X  10b/s,  thus  obtaining  30-m  resolution  along  the  beam, 
provided  that  the  radar  is  capable  of  transmitting  a  0.2-/xs  pulse. 
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FIG.  4 — Digital  integrator  for  signal  intensity  estimation.  See  text  for  explanation. 

In  practice,  it  is  difficult  to  build  receivers  with  a  sufficiently  wide 
dynamic  range  to  handle  adequately  the  range  of  magnitudes  of  P„  that 
one  might  expect  from  atmospheric  targets.  Even  with  range-squared 
normalization,  P „  may  vary  over  a  range  of  70  dB  (107),  and  such  a  range 
is  likely  to  saturate  a  sensitive  linear  receiver.  Thus  we  usually  use  receivers 
with  logarithmic  characteristics  for  intensity  measurements,  and  we  average 
log  (\xkn  |2).  When  this  is  done,  the  estimates  are  biased  and  the  statistics 
change  [12],  but  the  effects  are  known,  and  the  advantage  of  wide  dynamic 
range  justifies  the  use  of  the  log  receiver. 


Real-Time  Mean  Velocity  Estimation 

Earlier  in  this  discussion  we  have  described  the  Doppler  parameters  in 
terms  of  the  Doppler  spectrum.  It  is  clear  then,  that  one  method  of  ob- 
taining the  first  and  second  moments  of  the  spectrum  is  to  Fourier  analyze 
the  complex  time  series  in  each  of  the  1000  or  so  range  gates  and  to 
compute  the  moments  in  a  straightforward  fashion.  However,  this  method 
requires  very  large  digital  storage  capacity  and  generally  high  cost.  Instead, 
the  most  commonly  employed  technique  is  to  work  with  the  complex 
autocorrelation  function  as  first  described  by  Rummler  [13].  Lhermitte 
[14]  was  the  first  to  implement  this  technique  for  meteorological  use. 

Successive  pairs  of  the  complex  signal  samples  are  used  to  estimate  the 
complex  autocorrelation  function,  R„(T0),  through  the  simple  algorithm 

R„(To)   =  T7     "    Xk  +  l.nX*k,i 

N  k=o 
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The  expected  value  of  R„(T0)  is  R„(T0),  which,  when  the  spectrum  is 
symmetrical,  is  of  the  form 

R„(T0)  =  P„p(To) 

where  p(T0)  is  the  correlation  coefficient. 

Thus  the  mean  frequency  is  determined  from  the  expression 

/„  =   ..    _,    Arg  [R,XTQ)] 
j2wT0 

When  the  spectra  are  asymmetrical  the  estimator  is  biased,  but  the  bias  is 
generally  small  and  can  be  tolerated.  Because  the  method  operates  on 
successive  pulse  pairs  of  the  received  signal,  it  has  been  commonly  referred 
to  as  the  pulse-pair  processing  technique. 

Note  that  the  storage  requirements  are  approximately  l/N  of  what  is 
required  to  store  the  time  series,  because,  again,  we  are  storing  partial 
sums.  Moreover,  the  number  of  complex  multiplications  per  range  gate 
is  N,  while  with  a  Fast  Fourier  Transform  algorithm,  N  log2  N  would  be 
required. 

Recording 

In  estimating  both  the  intensity  and  the  mean  velocity,  each  N  complex 
samples  result  in  just  two  derived  variables.  Thus  the  data  rate  has  been 
reduced  by  a  factor  of  N/2.  With  N  =  128  and  an  input  bandwidth  of 
1  MHz,  the  output  data  rate  is  18  kHz,  which  can  be  easily  recorded  on 
nine-track  magnetic  tape.  A  third  variable  would  increase  the  recording 
rate  to  27  kHz,  which  is  still  easily  recorded. 

In  many  post  facto  analyses,  complete  examination  of  the  Doppler 
spectrum  is  mandatory.  This  is  true  when  bimodal  spectra  exist,  due,  for 
example,  to  strong  wind  shear.  The  complete  Doppler  spectrum  is  also 
of  interest  in  studies  of  turbulence,  and,  when  pointing  vertically,  the 
complete  spectrum  permits  one  to  deduce  the  particle  size  distributions 
and  to  separate  hail  from  rain.  In  these  cases,  there  are  essentially  two 
practical  alternatives.  The  first  is  to  digitize  and  record  the  raw  coherent 
data  in  a  number  of  range  gates  limited  by  the  recording  rates  of  the 
recorder  available.  The  use  of  a  nine-track,  1600  characters  per  inch, 
45  in./s  recorder  will  limit  the  recording  to  about  5  percent  of  the  raw 
video  data  rate. 

When  the  complete  signal  must  be  recorded,  video  tape  presents  a 
reasonable  solution  [75].  The  coherent  video  signals  can  be  recorded  on  a 
video  tape  recorder  and  later  digitized  in  the  laboratory  and  analyzed 
with  a  general  purpose  computer.  While  this  method  is  time  consuming, 
and  the  data  suffer  somewhat  in  quality  because  of  the  video  tape  recorder, 
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a  recording  of  the  complete  raw  data  set  is  achieved,  thus  ensuring  that  all 
possible  characteristics  of  the  meteorological  event  can  be  eventually 
examined. 

Displays 

Because  of  the  very  large  quantities  of  data  involved,  any  effective 
real-time  examination  of  radar  meteorological  data  requires  that  they 
be  displayed  pictorially.  The  earliest  types  of  radar  displays  simply  used 
analog  data  to  modulate  the  brightness  of  a  cathode  ray  tube.  The  data 
were  normally  shown  in  plan  view  (the  plan-position  indicator  (PPI))  or 
as  vertical  cross  sections  (the  range-height  indicator  (RHI)).  Even  with  the 
addition  of  grey-scale  encoding  or  with  contours  provided,  displays  of 
reflectivity  data  were  only  marginally  acceptable  because  of  their  semi- 
quantitative nature.  Displays  of  Doppler  velocity  data  that  use  grey-scale 
coding  are  difficult  to  interpret. 

These  problems  have  been  solved  through  the  use  of  real-time  color  dis- 
plays [16].  Through  the  use  of  a  digital  memory  and  a  color  television 
monitor,  it  has  been  possible  to  produce  high-resolution  images  of  radar 
data  in  a  television  format,  and,  by  adding  the  dimension  of  color,  such 
displays  have  demonstrated  that  16  or  more  levels  of  coding  can  be  easily 
distinguished  in  real  time.  Thus  it  has  been  possible  for  meteorologists  to 
measure  accurately  the  intensity  of  high-reflectivity  cores  in  thunderstorms 
and  to  locate  regions  of  vorticity  and  turbulence.  In  stratiform  rain,  it  is 
a  simple  matter  to  measure  wind  profiles,  identify  precipitation  maxima, 
and  accurately  locate  the  melting  level.  Such  data  are  extremely  important 
in  research  applications  where  the  scientist  must  decide  how  many  of  his 
resources,  for  example,  aircraft,  rawinsondes,  and  people,  should  be 
devoted  to  observing  a  particular  storm  system  and  where  within  that 
system  their  energies  should  be  focused. 

Ultra-Sensitive  High-Resolution  Radar 

Up  to  this  point  we  have  confined  the  discussion  to  pulsed  radar, 
wherein  high-range  resolution  is  obtained  by  virtue  of  a  short  transmitted 
pulse  or,  equivalently,  a  large  transmitted  bandwidth.  Another  method 
for  achieving  a  wide  bandwidth  is  to  transmit  a  frequency  modulated 
wave.  Such  frequency-modulated-continuous-wave  (FM-CW)  radars  have 
proven  to  be  extremely  valuable  tools  for  probing  the  clear  boundary 
layer  with  a  range  resolution  on  the  order  of  a  few  meters  [17]. 

The  FM-CW  radar  transmits  (continuously  from  one  antenna)  a  linearly 
swept  frequency  signal  as  shown  by  the  solid  line  in  Fig.  5.  The  back- 
scattered  power  is  received  with  a  second  antenna,  and  the  received  signal 
from  a  single-point  target  is  illustrated  by  the  dashed  line.  The  frequency 
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FIG.  5 — Linear  frequency  modulation  for  an  FM-CW  radar,  f  j  is  the  transmitted  fre- 
quency, f  r  is  the  received  frequency,  and  B  is  the  transmitted  bandwidth.  f0  is  the  transmitted 
frequency  at  the  start  of  the  sweep  and  T  is  the  duration  of  the  sweep. 

at  the  detector  output  is  the  difference  between  the  transmitting  frequency 
and  the  frequency  that  was  transmitted  some  time  earlier  and  which  has 
been  scattered  back  to  the  receiving  antenna. 

The  bandwidth  of  the  transmitted  rf  signal  can  be  as  high  as  200  MHz, 
while  the  signals  that  appear  at  the  mixer  output  are  in  the  audio  range. 
The  large  rf  bandwidth  is  required  for  good  range  resolution,  and  the  low 
frequency  of  the  mixer  output  allows  real-time  spectral  processing.  The 
signal  processing  scheme  that  is  used  depends  on  whether  range  infor- 
mation alone  is  desired  or  whether  both  range  and  velocity  are  needed. 

Signal  Processing  for  Range  Information 

In  contrast  to  a  pulsed  radar  which  determines  target  range  by  the  time 
delay  between  the  transmitted  pulse  and  the  received  signal,  the  FM-CW 
radar  determines  target  range  by  the  frequency  of  the  signal  at  the  mixer 
output.  The  signal  frequency  \sf  =  \fT  —  fR\,  and  appears  at  the  mixer 
output  for  (T  —  t)s  during  each  sweep  (see  Fig.  5)  where  r  is  the  round 
trip  propagation  time  to  the  target. 

The  signal  frequency  for  a  single-point  target  depends  on  the  target 
range  and  the  target  velocity.  The  significant  terms  in  the  expression  for 
signal  frequency  are  [18]. 


25 

fs±—R+fu 
cT 


where  B  is  the  transmitted  bandwidth,  T  is  the  duration  of  the  sweep, 
and  R  is  the  range.  The  Doppler  shift,  fd,  can  be  neglected  except  for 
very  short-range  targets,  and  the  signal  frequency  can  be  taken  as  a 
measure  of  range.  Thus,  signal  processing  for  range  information  involves 
measurement  of  the  power  spectrum  of  the  signal  obtained  during  each 


668 


SERAFIN  AND  STRAUCH  ON   METEOROLOGICAL  RADAR  PROCESSING        173 

frequency  sweep   and   averaging  of  the   power   spectra  from   successive 
sweeps.  Spectral  index  points  are  labeled  as  range  (or  height). 

The  FM-CW  radar  usually  operates  in  a  zenith-pointing  mode,  and  its 
output  is  a  time-height  picture  of  the  reflectivity  structure  over  the  radar. 
The  important  point  in  the  data  processing,  when  only  range  information 
is  desired,  is  that  the  power  spectrum  be  computed  after  each  sweep. 
It  is  not  possible  to  separate  range  and  velocity  contributions  to  the  signal 
frequency  if  the  signal  is  analyzed  for  each  sweep. 


Signal  Processing  for  Range  and  Velocity  Information 

The  technique  used  to  measure  both  range  and  velocity  with  an  FM-CW 
Doppler  radar  involves  spectral  analysis  of  the  signal  obtained  during  a 
large  number  of  consecutive  sweeps  rather  than  from  a  single  sweep  as  for 
the  conventional  FM-CW  radar.  The  entire  Doppler  velocity  spectrum 
can  be  measured.  The  frequency  of  the  signal  during  each  sweep  depends 
on  both  range  and  velocity,  but  the  phase  of  the  signal  changes  from 
sweep  to  sweep  only  if  the  target  is  moving.  It  is  this  phase  change  that 
enables  the  Doppler  spectrum  to  be  measured,  just  as  occurs  with  the 
coherent  pulse  Doppler  radar  described  earlier.  A  complete  description  of 
the  theory  is  given  by  Strauch  [18],  but  a  simple  explanation  is  available 
from  a  consideration  of  the  voltage  waveform  of  the  signal  at  the  output 
of  the  mixer. 

If  the  FM-CW  radar  observes  a  stationary  target,  the  output  of  the 
mixer  is  identical  for  every  sweep.  Whereas  the  signal  from  a  single- point 
target  yields  a  [(sin  x/x)]1  power  spectrum  if  only  one  sweep  is  analyzed, 
elementary  Fourier  series  analysis  shows  that  the  power  spectrum  of  the 
signal  from  repetitive  sweeps  must  be  discrete,  with  power  only  at  fre- 
quencies that  are  harmonics  of  \/T.  If  the  target  is  moving,  the  phase  of 
the  signal  changes  from  sweep  to  sweep,  and  the  rate  of  phase  change  is 
the  Doppler  frequency.  The  power  spectrum  of  the  moving  target  is  there- 
fore the  same  as  that  of  a  stationary  target  but  translated  by  the  Doppler 
shift.  The  power  spectral  density  plot  is  therefore  a  range  and  velocity 
map,  with  ground  clutter  appearing  at  harmonics  of  \/T  and  moving 
targets  at  other  frequencies,  as  illustrated  in  Fig.  6. 

Range  resolution  (AR),  velocity  resolution  (AV),  unambiguous  range 
(Rm),  and  unambiguous  velocity  (Vm)  are  the  same  as  those  of  a  pulse 
Doppler  radar  whose  pulse  width  is  the  reciprocal  of  the  FM-CW  radar 
bandwidth  and  whose  pulse  repetition  interval  is  the  same  as  the  sweep 
repetition  interval  of  the  FM-CW  radar.  These  are 

AR  =  c/2B 

AV  =  X/2NT 
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Rm  =  cT/2 

Vm  =  ±\/4T 

where  N  is  the  total  number  of  sweeps  (or  pulses)  used  in  the  data 
processing. 


Post  Processing 

Processing  on  a  General  Purpose  Computer 

After  the  data  are  collected  and  recorded  in  the  field,  the  meteorologist 
is  faced  with  the  challenging  tasks  of  editing,  selecting  situations  of  specific 
meteorological  interest,  and  analyzing  the  data.  In  order  to  facilitate  these 
tasks,  it  is  often  necessary  to  add  housekeeping  data  to  the  data  collected 
in  the  field  and  to  provide  an  archive  data  tape  suitable  for  automatic 
processing  on  a  general  purpose  computer.  It  is  also  useful  to  generate  a 
printed  archive  catalog  that  summarizes  the  data  collected.  Such  a  catalog 
will  list  dates,  time  of  day,  type  of  antenna  scan,  elevation  angle  during 
a  PPI  scan,  azimuth  angle  during  an  RHI  scan,  and  the  times  associated 
with  the  beginning  and  end  of  a  scan  and  assign  sequential  numbers  to 
scans,  etc. 

The  next  problem  relates  to  analysis.  How  are  the  data  to  be  examined? 
Again,  pictures  of  observed  variables  or  derived  variables  are  of  paramount 
importance.  Figure  7  is  an  example  of  a  contoured  PPI  display  generated 
on  a  general  purpose  computer.  While  it  is  a  relatively  simple  matter  to 
make  displays  from  the  data  as  they  have  been  scanned  (for  example, 
a  PPI  display  from  data  acquired  in  the  PPI  scan  mode),  a  much  more 
formidable  problem,  which  might  be  referred  to  as  spatial  demultiplexing, 
exists.  Radar  data  are  normally  recorded  on  tape  in  sequential  fashion 
as  they  are  collected,  range  gate  by  range  gate  and  then  beam  width  by 
beam  width.  Consequently,  they  are  most  readily  available  in  the  same 
sequence.  The  coordinate  system  in  which  they  are  acquired  is  spherical 
(range,  azimuth,  elevation),  resulting  in  scanned  surfaces  with  undesirable 
shapes.  For  example,  the  conventional  PPI  display  actually  represents  the 
projection,  onto  a  flat  surface,  of  data  collected  from  a  conical  surface. 
Sequences  of  such  conical  scans  separated  by  selected  elevation  angles  are 
used  to  make  volume  scans.  While  the  PPI  is  an  extremely  useful  tool  for 
real-time  use  or  for  taking  a  quick  look  at  radar  data,  optimum  analysis 
requires  that  data  be  examined  on  a  variety  of  surfaces,  principally  hori- 
zontal and  vertical  planes,  in  order  to  determine  best  the  three-dimensional 
structure  of  the  meteorological  event.  Thus  there  is  a  need  for  three- 
dimensional  coordinate  conversion  of  the  data.  While,  in  principle,  this 
can  be  easily  accomplished,  the  task  requires  large  computers  if  it  is  to 
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FIG.  6 — Power  spectrum  of  the  output  signal  oj  an  FM-CW  Doppler  radar.  T  is  the  duration 
of  the  sweep.  fd  is  the  Doppler  shift,  and  f  is  frequency. 
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FIG.  7 — Contoured  reflectivity  factors  in  PPI  mode.  The  contours  represent  Z  values 
measured  in  a  severe  hailstorm  in  northeast  Colorado  where  the  hail  fell  from  the  high 
reflectivity  (60  dBZ)  core.  This  storm  was  scanned  by  two  National  Center  for  Atmospheric 
Research  radars,  the  CP-2,  and  S-band  (10-cm  wavelength),  and  the  CP-3,  a  C-band  (5-cm 
wavelength)  system.  The  two  radars  are  located  as  shown.  The  data  have  been  provided 
through  the  courtesy  of  the  National  Hail  Research  Experiment.  Convective  Storms  Division, 
National  Center  for  Atmospheric  Research,  Boulder,  Colorado. 

be  done  efficiently.  Again,  the  principal  problem  is  that  of  memory  and 
access. 

Consider  a  typical  volume  of  a  convective  storm  composed  of  perhaps 
20  conical  sector  scans.  If  we  assume  that  each  conical  scan  contains  105 
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data  words,  we  see  that  storage  of  the  data  will  require  two  million  loca- 
tions with  high-speed  access.  Let  us  further  assume  that  this  storm  occupies 
a  region  some  30  km  by  30  km  in  areal  cross  section  and  is  15  km  high 
and  we  wish  to  transform  the  data  onto  a  three-dimensional  rectangular 
grid  with  grid  spacing  of  500  m.  The  total  number  of  grid  points  is  thus 
108  000.  The  problem  has  now  been  reduced  to  one  of  assigning  to  each 
grid  point  a  value  obtained  from  an  objective  analysis  of  the  original  stored 
data  set.  Such  volume  scans  are  typically  completed  in  3  min  in  real  time, 
and  it  may  be  necessary  to  analyze  between  10  and  50  such  scans  for  each 
storm.  The  problems  associated  with  processing  single  radar  data  are 
magnified  when  multiple  Doppler  radars  are  involved.  With  three  Doppler 
radars,  the  data  from  each  of  the  radars  must  be  spatially  interpolated 
(filtered)  to  one  of  the  rectilinear  grid  points.  The  three  measured  Doppler 
velocities  are  then  transformed,  using  a  matrix  inversion,  into  three 
orthogonal  velocity  components,  vx,  vy,  and  vz.  It  is  at  this  point  that 
effective  analysis  of  the  data  can  begin. 

It  is  fair  to  say  that  the  post- processing  of  single  radar  data  on  the  sur- 
faces scanned  is  well  in  hand.  However,  the  problems  related  to  coordinate 
conversions,  three-dimensional  objective  interpolation,  and  multiple 
Doppler  radar  vector  winds  have  taxed  the  capabilities  of  the  largest  com- 
puters. Much  remains  to  be  done  in  this  field,  both  in  objective  treat- 
ment of  the  data  sets  and  in  analysis  of  the  final  products. 

Interactive  Systems 

An  alternative  to  the  general  purpose  computer  lies  in  smaller,  more 
specialized  systems  which  permit  a  great  deal  of  scientist  interaction. 
Such  a  system  could  consist  of  a  minicomputer  for  control,  large  disk 
storage,  a  large  random  access  memory,  various  peripheral  arithmetic 
hardware,  displays,  and  video  and  film  recording.  To  date,  such  a  system 
has  not  been  fully  developed  for  radar  use,  although  both  the  University 
of  Miami  and  the  National  Center  for  Atmospheric  Research  are  working 
on  prototypes  at  this  time.  We  feel  that  such  systems  may  ultimately  relieve 
large  computers  from  much  of  the  data  processing  burden  associated  with 
meteorological  radar.  More  importantly,  however,  because  of  the  inter- 
active feature,  scientists  should  be  able  to  alter  data  sets  to  meet  their 
specific  needs,  which  would  thus  result  in  efficiency  and  improved  under- 
standing of  the  meteorological  processes  under  study. 

Radar  Probing  of  the  Cloud-Free  Atmosphere 

Radar  observations  in  the  optically  clear  air  have  applications  to 
measurements  of  boundary  layer  turbulence,  diffusion,  and  transport 
processes,  which  are  extremely  important  in  air  pollution  studies.  Hardy 
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[19]  reviews  the  clear-air  radar  observations  made  with  incoherent  radars. 
High-resolution  FM-CW  radars  show  that  the  clear-air  radar  scattering 
is  usually  from  layers,  as  shown  in  Fig.  8. 

Recently  there  have  been  a  number  of  Doppler  radar  observations  of 
clear-air  radar  signals.  The  primary  motivation  for  this  work  has  been  the 
measurement  of  wind  profiles  and  turbulence  and  the  study  of  the  clear-air 
scattering  layers.  Three  types  of  radars  have  been  used:  (a)  microwave 
high-power  coherent  pulsed  Doppler  radars,  (b)  very  high  frequency  (VHF) 
pulsed  Doppler  radars,  and  (c)  FM-CW  Doppler  radar. 

Pulse  Doppler  radar  measurements  of  clear  air  turbulence  were  reported 
by  Starr  and  Browning  [20].  Hennington  et  al  [21]  measured  clear  air  wind 
profiles  with  a  10-cm  pulsed  Doppler  radar.  The  wind  profiles  were 
measured  by  measuring  the  mean  radial  velocity  for  a  number  of  adjacent 
range  intervals  at  several  azimuth  angles.  The  radar-measured  winds 
showed  excellent  agreement  with  rawinsonde  data. 

Green  et  al  [22]  report  measurements  of  winds  in  the  troposphere  using 
VHF  (7.41-m  wavelength)  pulsed  Doppler  radar  at  a  Colorado  mountain 
site.  This  radar  uses  a  large  coaxial-cable  phased  antenna  array  that  can 
be  pointed  off-zenith  to  measure  horizontal  winds.  Layered  reflectivity 
structure  is  not  evident  in  their  data,  but  they  used  long  pulse  lengths 
(1-km  range  resolution)  so  that  it  would  be  difficult  to  determine  whether 
the  radar  returns  were  from  thin  layers.  They  report  wind  profile  measure- 
ments to  10-km  altitude,  and  comparisons  with  rawinsonde  data  showed 
good  agreement. 

FM-CW  Doppler  radar  measurements  of  boundary  layer  winds  are 
reported  by  Chadwick  et  al  [23].  The  FM-CW  Doppler  radar,  because 
it  is  able  to  detect  weak  moving  echoes  in  the  presence  of  strong  ground 
clutter,  can  measure  the  wind  at  all  altitudes  in  the  boundary  layer.  The 
typical  height  resolution  of  wind  profiles  is  25  m. 

Doppler  Radar  Measurements  Using  Artificial  Radar  Targets 

The  wind  field  in  the  boundary  layer  has  been  studied,  using  artificial 
radar  targets  (chaff)  to  provide  the  radar  echo.  The  chaff  can  be  dispensed 
from  aircraft  as  point  or  line  sources  that  are  diffused  by  atmospheric 
turbulence.  A  point  source  of  chaff  needles  can  diffuse  to  fill  1  km3  in 
about  15  min  in  the  convective  boundary  layer.  However,  in  the  still 
atmosphere,  the  chaff  will  rapidly  settle  to  the  ground  with  little  diffusion. 
The  chaff  needles  fall  with  random  orientation  and  can  be  observed  with 
radar  that  is  horizontally  or  vertically  polarized. 

Frisch  and  Clifford  [24]  used  chaff  targets  to  measure  the  eddy  dissi- 
pation rate,  the  rate  at  which  turbulent  kinetic  energy  is  dissipated  in 
the  atmosphere  through  molecular  viscosity.  They  measured  the  width  of 
the  velocity  spectrum  to  obtain  a  measurement  of  the  turbulent  motions  in 
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FIG.  8 — Radar  signals  from  the  optically  clear  air,   as  observed  with  an  FM-CW  radar. 
MST  is  Mountain  Standard  Time. 
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the  atmosphere  on  scale  sizes  less  than  the  pulse  volume.  Then,  assuming 
isotropic  turbulence,  they  related  the  measured  Doppler  spectral  width  to 
the  eddy  dissipation  rate.  Comparisons  made  with  in  situ  instruments  on  a 
nearby  tower  showed  excellent  agreement  with  their  radar  results. 

Kropfli  and  Kohn  [25,26]  used  chaff  dispensers  on  a  small  aircraft  to 
fill  the  depth  of  the  boundary  layer  over  an  area  of  about  300  km2  near 
St.  Louis  during  the  1975  METROMEX  project.  They  observed  the  chaff 
motion  throughout  the  boundary  layer  with  dual- Doppler  radars,  and  the 
data  were  analyzed  to  obtain  three-dimensional  wind  fields.  By  averaging 
the  measured  wind  fields  obtained  from  several  radar  scans  of  the  entire 
volume,  they  were  able  to  separate  those  features  of  the  flow  field  that 
persisted  at  fixed  locations  from  those  features  that  moved  with  the  mean 
wind.  Figure  9  shows  the  wind  field  at  300-m  altitude,  after  removing  the 
mean  wind.  A  12-km-long  line  of  convergence  is  evident.  About  3  km 
northwest  of  this  line  is  a  line  of  divergence.  At  the  top  of  the  boundary 
layer  the  eddy  flow  is  reversed;  the  line  of  low-level  convergence  is  a  line 
of  divergence  at  a  1 300-m  altitude,  and  the  line  of  low-level  divergence 
becomes  an  area  of  convergence  at  the  top  of  the  boundary  layer.  Kropfli 
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FIG.  9 — Horizontal  wind  field  over  St.  Louis  at  0.3  km  altitude  as  revealed  by  dual-Doppler 
radar,  measured  during  the  1975  METROMEX  project.  The  mean  wind  has  been  removed. 
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FIG.  10 — Vertical  cross  sections  of  the  eddy  wind  field  over  St.  Louis  measured  during 
the  1975  METROMEX  project.  The  planes  shown  are  parallel  to  the  mean  flow. 

and  Kohn  show  that  a  thermal  ridge  of  0.2°C  in  the  temperature  field 
coincided  with  the  low-level  convergence.  Figure  10  shows  the  wind  field 
in  the  vertical  planes  parallel  to  the  mean  flow.  The  persistent  circulation 
over  the  city  is  clearly  shown  by  the  radars. 

Although  clear-air  radar  work  has  thus  far  been  confined  to  research, 
the  potential  capability  for  operational  applications  has  been  demonstrated. 
Whether  or  not  operational  use  is  made  of  this  radar  capability  will  depend 
in  part  on  whether  other  parameters  (water  vapor  and  temperature),  now 
measured  by  radiosondes,  can  also  be  measured  remotely. 
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1.        INTRODUCTION 

During  the  past  several  years  most 
meteorological  microwave  Doppler  radars  have 
obtained  estimates  of  mean  Doppler  velocity  from 
the  phase  angle  of  the  complex  covariance  of 
the  received  signal  from  successive  transmitted 
pulses.   This  estimation  technique,  generally 
called  pulse-pair  processing,  can  be  implemented  ^ 
in  real  time  for  a  large  number  of  range  loca- 
tions, and  it  has  given  the  radar  meteorologist 
access  to  greatly  expanded  Doppler  data  sets 
whose  accuracy  is  comparable  with,  or  in  some 
cases  better  than,  estimates  obtained  with 
spectral  processing. 

Pulse-pair  processing  has  been  proposed 
for  pulse  Doppler  lidar  (Strauch,  1976)  where 
the  estimate  of  mean  velocity  must  be  made  from 
the  signal  received  for  one  laser  pulse.  The 
lidar  signal  can  be  processed  with  the  pulse-pair 
method  by  sampling  the  signal  at  any  desired 
sampling  rate  and  calculating  the  phase  angle 
of  the  complex  covariance  for  a  time  delay  equal 
to  the  sampling  period.  Miller  and  Rochwarger 
(1972)  showed  that  the  quality  of  the  estimates 
obtained  with  pulse-pair  processing  depends  on 
the  sample  spacing.   Lee  (1977)  recognized  that 
not  only  could  improved  estimates  be  obtained 
for  lags  other  than  the  first  but  also  that  the 
error  in  the  estimates  caused  by  noise  is  un- 
corrected for  the  various  lags.  Hence  improved 
estimates  can  be  obtained  by  averaging  the  esti- 
mates obtained  with  various  lags  in  a  "poly- 
pulse-pair"  processing  scheme.   Lee  also  noted 
the  applicability  of  poly-pulse-pair  processing 
for  microwave  Doppler  radar  where  lag  times 
are  restricted  to  multiples  of  the  radar  pulse 
repetition  period.   In  this  paper  we  examine 
further  the  applicability  of  poly-pulse-pair 
processing  for  microwave  Doppler  radar  and 
apply  it  to  actual  data  that  is  ideally  suited 
for  this  technique,  i.e.,  data  with  low  signal- 
to-noise  ratio  and  with  Doppler  spectral  widths 
that  are  much  less  than  the  Nyquist  velocity 
interval.   This  is  frequently  the  case  with  radar 
observations  of  chaff  dispersed  within  the 
planetary  boundary  layer,  of  refractive  index 
fluctuations  in  the  optically  clear  air,  and  of 
some  precipitation  regimes  such  as  snow.   It 
probably  cannot  be  used  in  severe  storm  appli- 
cations. Note  that  the  Nyquist  velocity  interval 

is  •=-=•  where  X   is  the  radar  wavelength,  n  is  the 
2nl 

lag  number,  and  T  is  the  pulse  period.  Thus 
estimates  made  with  higher  order  lags  may  have  to 
rely  on  those  made  with  lag  1  to  resolve  ambi- 
guities. 


2.        PULSE  PAIR  ESTIMATES  FOR  VARIOUS  LAGS 

The  accuracy  of  the  pulse-pair  esti- 
mation technique  has  been  examined  by  Miller  and 
Rochwarger  (1972),  Berger  and  Groginsky  (1973), 
and  Zrnic  (1976).   It  has  been  tested  on  simu- 
lated and  actual  data  by  Sirmans  and  Bumgarner 
(1975).   Figure  1  illustrates  Zrnic's  results  for 
the  standard  deviation  of  the  estimate  of  nor- 
malized mean  frequency  (fT)  as  a  function  of 
normalized  spectral  width  (wT) ,  signal-to-noise 
ratio,  and  the  number  of  contiguous  pulse  pairs 
(M) .  These  results  apply  to  single  lag  process- 
ing with  the  lag  time  equal  to  the  pulse  repeti- 
tion period  (T) . 


wT  (Normalized  Width) 

Figure  1.      Theoretical  standard  deviation  of  the 
estimate  of  the  normalized  mean  Doppler  fre- 
quency by  single  pulse  pair  processing. 

It  can  be  readily  be  seen  from  Fig.  1 
that  if  the  mean  velocity  is  calculated  by  pulse- 
pair-processing  with  a  lag  time  of  2T,  3T,  etc. 
then  the  standard  error  of  estimate  of  mean 
velocity  will  be  less  for  these  lags  than  for 
single  lag  when  the  normalized  widths  of  the 
Doppler  spectra  are  small.  For  example,  if  the 
signal-to-noise  ratio  is  0  dB  and  the  normalized 
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width  is  0.05,  then,  from  Fig.  1,  the  normalized 
frequency  error  is  0.16.   If  the  second  lag  is 
used,  the  normalized  width  is  0.10  and  the  nor- 
malized frequency  error  increases  to  0.24.  To 
scale  these  normalized  frequency  errors  to  the 
actual  velocity  error  one  must  multiply  the 


normalized  error  by  [— v—  \?M]~   . 


Therefore, 


using  the  second  lag  as  opposed  to  the  first,  we 
must  halve  the  scaling  factor.  (M  can  be  consi- 
dered constant.)   But  as  we  have  seen  above  the 
normalized  error  is  not  doubled  for  the  second 
lag.   (See  dashed  line  in  Fig.  1.)  Hence  the 
actual  velocity  error  is  less  for  the  second  lag. 
From  Fig.  1  (dotted  line)  we  see  that  the  stand- 
ard error  of  estimate  of  mean  velocity  is  less 
for  longer  lags  until  the  normalized  width  (nTw) 
becomes  greater  than  about  0.13  for  a  S/N  of  0  dB 
and  somewhat  larger  for  larger  S/N. 

The  predicted  performance  of  the 
pulse-pair  estimator  for  various  lags  is  given 
in  Figs.  2a  and  2b  for  a  radar  wavelength  of 
3.2  cm,  a  pulse  repetition  period  of  350  micro- 
sec,  and  a  signal  dwell  time  of  45  millisec  (128 
radar  samples) .  The  standard  deviation  of  mean 
velocity  is  improved  for  all  lags  and  signal-to- 
noise  ratios  when  the  width  of  the  spectrum  is 
less  than  1  m/s.   However,  when  the  width  of 
the  spectrum  is  4  m/s,  the  standard  error  of  mean 
velocity  estimate  increases  rapidly  for  n  >  2. 
For  spectral  widths  of  2  m/s  or  less,  the  second 
and  third  lags  will  always  give  better  estimates 
than  the  first. 
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Figure  2b.     Theoretical  standard  deviation  of  the 
mean  Doppler  velocity  estimate  by  single  pulse 
pair  processing  as  a  function  of  lag  number  for 
S/N  =  0  dB. 
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Figure  2a.      Theoretical  standard  deviation  of  the 
mean  Doppler  velocity  estimate  by  single  pulse 
pair  processing  as  a  function  of  lag  number  for 
S/N  =  -6  dB. 


As  we  have  seen,  the  error  in  the 
pulse-pair  estimate  for  any  given  lag  depends  on 
the  width  of  the  Doppler  spectrum  and  the  signal- 
to-noise  ratio.  From  Fig.  1  we  see  that  when  the 
signal-to-noise  ratio  is  low  (<  0  dB)  and  the 
normalized  spectral  width  is  small  (<  0.1),  then 
the  major  portion  of  the  error  in  the  estimate  is 
caused  by  noise  and  not  the  spectral  width.  For 
example  even  for  a  spectral  width  of  zero  there 
is  a  substantial  normalized  error  of  .45  when  S/N 
=  -  6  dB.   Since  errors  caused  by  noise  are 
uncorrelated  for  the  various  lags  (Lee,  1977) , 
significant  improvement  in  the  quality  of  the 
estimate  can  be  obtained  by  averaging  various 
lags.   On  the  other  hand,  if  the  signal  to  noise 
ratio  is  high  then  the  estimates  obtained  with 
different  lags  will  be  highly  correlated  (for 
narrow  spectra)  and  averaging  will  not  improve 
the  estimates. 

We  restrict  attention  to  narrow  spectra 
because  the  estimated  error  increases  rapidly 
with  spectral  width.   Figures  3a  and  3b  show  the 
improvement  expected  in  the  estimate  of  mean  ve- 
locity when  estimates  obtained  with  various 
lags  are  averaged  with  uniform  weight.   As 
pointed  out  by  Lee  (1977),  the  optimum  averaging 
scheme  would  weight  the  estimate  for  each  lag 
inversely  proportional  to  the  variance  of  the 
velocity  estimate  for  that  lag.  However,  this 
requires  a  priori  knowledge  of  both  the  signal- 
to-noise  ratio  and  the  spectral  width,  and,  for 
data  where  poly-pulse-pair  processing  is  of  most 
value  (low  signal-to-noise  ratio  and  narrow 
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Figure  3a.     Theoretical  standard  deviation  of  the 
estimate  of  the  mean  Doppler  velocity  by  single 
pulse  pair  processing  as  a  function  of  spectral 
width  when  estimates  with  various  lags  are 
averaged  with  uniform  weights.      S/N  =  -6  dB. 


Figure  3b.      Theoretical  standard  deviation  of  the 
estimate  of  the  mean  Doppler  velocity  by  single 
pulse  pair  processing  as  a  function  of  spectral 
width  when  estimates  with  various  lags  are 
averaged  with  uniform  weights.     S/N  =  0  dB. 


spectra)  we  do  not  have  a  satisfactory  estimate 
of  either.  Therefore  we  have  chosen  to  use 
equal  weights  recognizing  that  some  additional 
improvement  could  be  obtained  if  the  first  lag 
were  weighted  less. 

From  Figs.  3a  and  3b  we  see  that  signi- 
ficant improvement  over  the  first  lag  by  itself 
can  be  obtained  by  averaging  the  estimates  of  the 
first  two  lags  for  spectral,  widths  as  high  as 
4  m/s,  and  if  we  restrict  the  technique  to  data 
with  spectral  widths  less  than  2  m/s,  then  we  can 
further  improve  the  estimates  by  averaging  the 
results  for  the  first  3  lags.   When  the  signal- 
to-noise  ratio  is  +  6  dB  or  more  there  is  little 
to  be  gained  by  averaging  because  the  estimates 
for  the  various  lags  are  highly  correlated. 
The  data  in  Figs.  3a  and  3b  are  for  a  3.2  cm 
wavelength  radar  with  a  512  microsec  repetition 
period  and  a  65  millisec  dwell  time.  The  corre- 
lation coefficient  for  the  portion  of  the  esti- 
mate error  that  is  not  caused  by  noise  is  taken 
as  1.   This  is  a  valid  approximation  for  narrow 
spectral  widths. 

4.        TESTS  WITH  EXPERIMENTAL  DATA 

These  concepts  were  applied  to  a  real 
data  set  to  which  samples  of  receiver  noise  were 
added  to  bring  all  data  above  a  specified  inten- 
sity level  to  a  known,  fixed  signal-to-noise 
ratio.  Pulse  pair  estimates  with  various  lags 
and  poly-pulse-pair  estimates  for  the  average 
of  several  lags  were  then  compared  to  the  pulse 


pair  estimates  before  the  noise  was  added.  Since 
the  signal-to-noise  ratio  before  the  addition  of 
noise  samples  was  greater  than  +5.8  dB,  the  pulse 
pair  estimates  for  these  data  were  very  accurate 
and  were  considered  as  "truth"  to  which  the 
noise-degraded  estimates  could  be  compared. 
RMS  errors  between  the  noise-degraded  estimates 
and  the  undegraded  estimates  were  then  computed 
for  various  signal-to-noise  ratios.  The  results 
are  given  in  Fig.  4. 

The  data  that  were  used  in  this  test 
were  obtained  from  chaff  measurements  in  the 
boundary  layer  during  METROMEX  (Kropfli  and  Kohn, 
1976) .  The  observed  narrow  Doppler  widths  of 
about  1  m/s  and  radial  velocities  less  than 
5  m/s  were  typical  for  afternoon  boundary  layer 
observations  and  are  ideally  suited  for  poly- 
pulse-pair  processing. 

Figure  4  indicates  a  significant 
improvement  in  the  second  lagged  estimate  over 
the  first  at  weak  signal  to  noise  ratios.   For 
example,  the  RMS  error  reduction  is  greater 
than  a  factor  of  2  for  S/N  less  than  -3  dB. 
A  significant  improvement  is  achieved  even  at 
0  dB.  Furthermore,  the  third  lagged  estimate 
shows  a  slight  improvement  over -the  second.  A 
total  of  396  velocity  estimates  were  used  to 
compute  each  RMS  error  at  a  particular  S/N  and 
lag  number.  Because  of  the  inherent  difficulty 
in  computing  second  moments  of  Doppler  spectra, 
no  attempt  was  made  to  stratify  the  errors  by 
Doppler  width  as  well  as  S/N.  A  variety  of 
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Figure  4.     RMS  velocity  error  of  various  lagged 
estimates  as  a  function  of  S/N  and  lag  number 
for  experimental  data   (solid)  and  theory 
(dashed) . 


widths  are  therefore  included  in  the  396  esti- 
mates. 

Points  listed  under  "average"  on  the 
left  hand  side  of  Fig.  4  indicate  the  measured 
RMS  error  of  estimates  formed  from  the  average 
of  the  first  3  lagged  estimates  at  each  signal 
to  noise  ratio.   It  can  be  seen  that  the  addi- 
tional improvement  over  the  second  or  third  lag 
is  very  slight.  Since  two  or  three  times  the 
amount  of  calculation  is  required,  the  average 
estimate  would  be  chosen  over  a  single  lagged 
estimate  only  when  extreme  accuracy  is  required 
and  computational  cost  is  not  important. 

Also  shown  in  Fig.  4  are  theoretical 
RMS  errors  computed  from  the  results  of  Zrnic 
(1977).  It  is  seen  that  there  is  excellent  agree- 
ment between  the  experimental  data  and  Zrnic' s 
result  for  S/N  >_  -  3  dB,  although  theory  tends  to 
underestimate  the  RMS  errors  by  15  to  30%  at  S/N 
=  -  6  dB.   (Data  points  and  theoretical  values 
are  the  same  for  signal-to-noise  ratios  greater 
than  0  dB.)  A  nominal  Doppler  width  of  1  m/s  was 
assumed  in  the  theoretically  derived  errors. 


5. 


TESTS  WITH  SIMULATED  SIGNAL  PLUS  NOISE 


We  have  also  performed  simulations  si- 
milar to  those  described  by  Sirmans  and  Bumgarner 
(1975)  and  we  find  excellent  agreement  with  theory 
for  S/N  ratios  greater  than  -3  dB  as  is  shown 
in  Fig.  5.  However,  for  S/N  ratios  of  -6  dB 
we  find  the  same  discrepancy  between  theory  and 
simulations  as  we  find  between  theory  and  data 
in  Fig.  4.  This  suggests  that  assumptions  required 
in  deriving  the  theoretical  expressions  for  the 
standard  error  of  the  estimate  may  be  invalid  at 
S/N  <  -  3  dB. 
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Figure  5.      RMS  errors  vs  Doppler  width  for  simu- 
lated data  and  theory.      Each  simulated  RMS  esti- 
mate was  derived  from  512  velocity  estimates 
with  each  velocity  estimate   the  result  of 
128  radar  samples  spaced  by  T  =  512   us. 
X  =  . 032  m  was  assumed. 


6. 


CONCLUSIONS 


Poly-pulse  pair  processing  can  improve 
the  quality  of  mean  velocity  estimates  for  weak 
signal-to-noise  ratio  data  if  the  spectral 
widths  are  small  compared  to  the  Nyquist  interval. 
These  improved  estimates  can  be  obtained  only  at 
a  significant  increase  in  computational  cost. 
Often,  however,  estimates  obtained  with  a  pulse- 
pair-processing  algorithm  that  uses  a  single 
lag  of  2  or  3  times  the  pulse  repetition  period 
will  be  significantly  better  than  that  obtained 
for  lag  1.   When  poly-pulse-pair  processing  or 
processing  that  uses  a  single  lag  greater  than 
the  first  is  used,  potential  velocity  ambiguities 
can  be  resolved  by  means  of  the  estimate  made 
with  the  first  lag. 

At  very  weak  signal-to-noise  ratios 
(<  -  3  dB)  the  expected  error  of  single  lagged 
estimates  is  larger  than  that  predicted  by  theory. 
This  was  found  to  be  true  for  both  real  data  and 
simulated  data. 

Poly-pulse-pair  processing  has  appli- 
cation to  microwave  radar  only  for  special  data 
sets  because  of  the  requirement  of  narrow  spectra 
and  because  the  sampling  interval  is  restricted 
to  multiples  of  the  pulse-repetition  period.  The 
types  of  observations  most  suitable  for  these 
techniques  are  in  the  convective  boundary  layer, 
snow,  and  light  stratiform  rain.  These  restric- 
tions are  lessened  somewhat  for  the  processing 
of  laser  radar  data  because  the  sampling  rate 
can  be  made  continuously  variable. 
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COMPARISON  OF  MAXIMUM  ENTROPY  METHOD  ESTIMATION  OF 
DOPPLER  VELOCITY  MOMENTS  WITH  CONVENTIONAL  TECHNIQUES 


W.  B.  Sweezy 

NOAA/ERL/Wave  Propagation  Laboratory 
Boulder,  Colorado  80302 


1 .  INTRODUCTION 

The  most  common  ways  of  estimating 
the  moments  (mean  and  variance)  of  velocity 
spectra  measured  by  Doppler  radar  are  the  fast 
Fourier  transform  (FFT)  and  the  pulse-pair- 
processing  (PPP)  covariance  method.   The  FFT  and 
PPP  were  among  the  methods  for  estimating  the 
first  moment  that  were  compared  by  Sirmans  and 
Bumgarner  (1975).   Our  study  (motivated,  in 
part,  by  the  need  to  obtain  better  second  moment 
estimates)  compares  FFT  and  PPP  estimates  with 
those  obtained  from  the  maximum  entropy  method 
(MEM)  for  estimating  power  spectra.   The  moments 
are  calculated  by  each  of  the  three  methods 
using  computer  simulated  data.  The  simulation 
generates  a  complex  time  series  having  a  velocity 
spectrum  composed  of  a  Gaussian  signal  spectrum 
with  specified  moments,  and  a  noise  spectrum 
for  a  specified  signal-to-noise  ratio.   Since 
the  greatest  need  for  improved  moment  estimates 
is  in  cases  of  low  signal-to-noise  ratio  and 
relatively  broad  spectrum,  particular  attention 
is  given  to  these  cases.   Various  techniques 
for  reducing  the  noise  bias  in  the  moment  esti- 
mates are  applied  to  the  spectral  methods  (FFT 
and  MEM) .   The  relative  merits  of  each  method 
are  evaluated  by  examining  the  error  statistics 
and  the  worst  case  errors. 

2.  THE  MAXIMUM  ENTROPY  METHOD 

It  is  not  possible  to  give  a  detailed 
description  of  MEM  spectral  analysis  in  this 
discussion,  but  since  it  is  a  relatively  new 
method  a  brief  outline  is  included.   The  MEM 
was  introduced  by  Burg  (1967),  but  it  was  not 
published  in  the  open  literature  until  a  few 
years  later.   Lacoss  (1971)  and  Markel  (1972) 
were  among  the  first  to  publish  complete  detailed 
explanations  of  the  method.   In  recent  years 
the  MEM  has  been  refined  and  expanded  by  several 
investigators  including  Burg  (1975),  Ulrych 
and  Bishop  (1975),  Haykin  and  Kesler  (1976), 
and  Strand  (1977). 

The  MEM  approximates  the  frequency 
spectrum  by  an  all-pole  model,  namely, 
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where  W 

a  "whitening"  filter  of  length  n,  such  that 

for  a  given  complex  time  series,  z(t),  with  zero 

mean,  the  output  of  the  filter,  given  by 


resembles  "white"  noise.  E  is  the  (average) 
power  spectral  density  of  e  (t) .  The  filter 
coefficients  are  determined  by  a  recursion 
relationship  with  the  autocovariance  function 
of  z(t),  that  is  the  coefficients  for  a  filter 
of  length  n  are  determined  from  the  coefficients 
of  a  filter  of  length  (n-1)  and  n  terms  of  the 
autocovariance  function. 

Computation  techniques  and  computer 
programs  are  described  by  Strand,  Young,  and 
Chadwick  (1977).  The  paper  by  Makhoul  (1975), 
in  addition  to  those  cited  above,  is  suggested 
for  a  complete  description  of  the  MEM  and  other 
linear  prediction  techniques.   In  contrast  to 
windowing  methods  which  taper  and  truncate  the 
autocovariance  function,  the  MEM  provides  a 
non-zero  extension  of  the  autocovariance  function. 
In  Fig.  1  an  MEM  spectrum  is  compared  with  a 
FFT  spectrum  with  a  Hanning  window. 
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Figure  1.      Comparison  of  FFT  and  MEM  estimates  of 
spectra  derived  from  a  simulated  time  series  of 
128  samples  with  signal-to-noise  ratio  10  dB, 
true  normalized  mean  velocity  -0.39  and  true 
normalized  spectrum  width  0.095. 
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REDUCTION  OF  NOISE  BIAS 


4. 


RF.SULTS 


Whenever  any  estimate  of  the  velocity 
spectrum  that  contains  noise  as  well  as  signal 
power  is  used,  the  moment  calculations  are  biased 
by  the  noise.   The  effect  for  the  first  moment 
is  illustrated  in  Fig.  2.   The  reduction  in 
slope  is  due  to  noise  and  the  sharp  drop  near 
the  Nyquist  velocity  is  due  to  aliasing.   The 
noise  bias  can  be  reduced  and  the  effect  of  alias- 
ing can  be  eliminated  by  balancing  the  spectrum 
with  respect  to  the  mode,  i.e.,  by  shifting  the 
spectrum  cyclically  within  the  Nyquist  interval 
until  the  mode  is  in  the  center  of  the  interval. 
The  estimate  of  the  mean  is  given  by  the  sum  of 
the  mode  and  the  calculated  mean.  Since  balanc- 
ing the  spectrum  does  not  reduce  the  noise  bias 
in  the  second  moment,  the  methods  of  noise 
subtraction  and  signal  isolation,  as  well  as  a 
combination  of  both,  are  used.   For  noise  sub- 
traction the  noise  is  assumed  to  be  "white"  so 
that  the  noise  power  spectral  density  is  inde- 
pendent of  frequency.   For  the  MEM,  E  is  the 

desired  estimate  of  the  noise  spectrum.  For  the 
FFT,  the  noise  spectrum  is  estimated  as  the 
average  below  a  threshold.   The  threshold  is 
adjusted  until  the  spectrum  below  it  approxi- 
mates the  statistical  properties  of  "white" 
noise  (Hildebrand  and  Sekhon,  1973).   In  signal 
isolation  only  that  portion  of  the  spectrum 
which  contains  the  mode  and  extends  above  the 
noise  is  used  to  estimate  the  moments. 


Time-series  of  1024  points  were 
simulated  and  quantized  to  8  bits.   For  compari- 
sons using  various  sample  lengths  the  shorter 
samples  were  extracted  from  independent  1024 
point  samples.   Fifty  realizations  for  each 
sample  size  and  signal-to-noise  ratio,  with  the 
true  normalized  mean  velocity  uniformly  distri- 
buted in  the  Nyquist  interval  and  the  true  nor- 
malized spectrum  width  uniformly  distributed 
between  0.05  and  0.2,  were  used  to  determine  the 
error  statistics.   The  MEM  spectra  were  esti- 
mated with  twelve  filter  coefficients.   In  Fig.  J 
the  expected  errors  in  the  first  moment  are 
illustrated  for  the  three  methods,  for  fixed 
sample  length  as  a  function  of  signal-to-noise 
ratio.   The  results  for  the  spectral  methods 
(FFT  and  MF.M)  are  with  noise  subtraction.   The 
addition  of  signal  isolation  provided  only 
slight  improvement  in  the  MEM  and  in  some  cases 
degraded  the  FFT  results  because  of  the  failure 
of  the  algorithm  to  properly  isolate  the  signal. 
In  Fig.  4  the  same  results  are  shown  as  a  func- 
tion of  sample  length  for  fixed  signal-to-noise 
ratio.   Figures  5  and  fi  illustrate  the  same 
results  for  the  second  moment.   However,  for 
second  moments,  the  combination  of  noise  sub- 
traction and  signal  isolation  show  significant 
improvement  over  noise  subtraction  alone  in  the 
MEM  results. 
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Figure  2.      An  illustration  of  the  effects  of 
noise  and  aliasing  on  the  estimation  of  the 
first  moment  using  spectral  methods. 


Figure  Z.      Comparison  of  the  rm.s  errors  iv.  the 
PPD  first  moment  estimates  with  those  in  the 
MEM  and  FFT  estimations  with  -noise  svhtractiz 
illustrates  the  superiority  of  the  ???  first 
moment  estimator,   particularly  it  ysrv   Icj 
sianal-to-noise  ratios. 
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Figure  4.     Comparison  of  the  rms  errors  in  the 
first  moment  estimators  illustrates  the  finite 
data  window  effects. 
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Figure  6.      Comparison  of  the  rms  errors  in  the 
second  moment  estimator  demonstrates  the 
effects  of  window  "broadening"  in  the  spectral 
methods,   but  again  illustrates  value  of  the 
MEM  as  a  second  moment  estimator. 


5.        CONCLUSIONS 

The  PPP  appears  to  be  "best"  estimator 
of  mean  velocities,  both  from  the  standpoint 
of  accuracy  and  computing  efficiency.   This 
agrees  with  the  results  of  Sirmans  and  Bumgarner 
(1975).   However,  in  real  data  with  ground 
return  or  image  spectrum,  the  use  of  spectral 
methods  with  signal  isolation  may  be  necessary. 
In  these  cases,  results  indicate  that  the  MEM  is 
superior  to  the  FFT. 

The  MEM  (with  signal  isolation)  appears 
to  be  by  far  the  most  accurate  estimator  of  the 
second  moment.   The  MEM  in  its  present  form 
sacrifices  some  computing  efficiency.   Kith 
optimization,  however,  it  could  be  comparable 
to  the  FFT  for  large  sample  sizes  with  few 
filter  coefficients. 


Figure  5.      Comparison  of  the  rms  errors  in  the 
second  moment  estimators,   PPP,   FFT  and  MEM 
with  noise  subtraction,  and  MEM  with  both 
noise  subtraction  and  signal  isolation,   shows 
that  the  MEM  is  a  very  good  second  moment 
estimator. 
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